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PREFACE TO SEVENTH EDITION. 


This edition of “Experimental Engineering,” as compared with 
the earlier editions, has been rewritten and enlarged to such an 
extent that it may be considered substantially a new book. 

The work of revision has been done principally by Professor H. 
Diederichs, whose name appears on the title-page, in connection 
with that of the original author. 

“Experimental Engineering” was first written by Professor 
Carpenter in 1892; its object, in brief, was to serve as a textbook 
for students in mechanical engineering and as a reference book 
for engineers on the subject of testing. The book was an outgrowth 
of an earlier work entitled “Notes on Mechanical Laboratory 
Practice,” published in 1801. 

The work w'as received with general favor and it has been exten- 
.^ively used in colleges as a textbook and by engineers as a reference 
Ixiok on the subjects of which it treats. More than 10,000 copies 
have been published and sold in this country and abroad. It has 
been revised from time to time, and a considerable amount of new 
material has beetvj^r^dcd since the jiublication of the first edition. 
The first edition, published in 1892, contained about 550 pages, 
while the sixth edition, published in 1906, cbntained nearly 850 
pages. 

The rapid development in mechanical engineering and the numer¬ 
ous improvements in the methods of investigation and in the appa¬ 
ratus for conducting investigations have been such as to make it 
desirable to rewrite and republish the entire work. Fortunately 
the original author was able to secure the codperation of his col¬ 
league, Professor Diederichs, in this work, and to induce him to 
assume charge of the revision. Professor Diederichs, from his train¬ 
ing and expierience, and also from his acquaintance with Europiean 
practice, was especially well qualified for this task. It is believed 
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that the new edition will be found to give practically all the in¬ 
formation required by the mechanical engineer for testing in any 
field of work which has received consideration from engineering or 
scientific societies. 

In the revision the general plan of the original work has been 
followed. Some portions of the old work have l>een cut out as 
obsolete or practically unnecessary, and a large amoimt of new 
matter has been added. Every attempt has been made to bring 
the new edition up to date in every department which it covers. 

The field embraced by the work is large, since it covers nearly all 
departments of testing, with the exception of electrical; and although 
every effort was made to state all explanations and directions as 
concisely as possible, consistent with clearness, and to eliminate all 
apparently unnecessary matter, it was not found possible to keep 
the size of the book within the limits of the preceding edition. 
In spite of every effort of this kind, the work is over 200 pages 
larger than the sixth edition. The principal increase in size is due 
to the extended treatment given the subjects relating to gas engines 
and producers, steam turbines, refrigerating and hydraulic machin¬ 
ery, the first two of which are comparatively late developments. 
By the use, however, of a thinner grade of paper, the thickness of 
the book will not be greater than that of the earlier edition con¬ 
taining about 250 pages less, so that the reader will find that the 
increase in the number of pages of the book to tioo will not 
make it inconvenient to handle or consult, nor wiU it detract 
from its use as a textbook. 

The book is intended chiefly for use in engineering laboratories 
and presents information which the experience of the authors has 
shown to be necessary to carry out experiments intelligently and 
without great loss of time on the part of students. For this pur¬ 
pose it gives a brief statement of the theoretical principles involved 
in connection with each experiment, with references, where neces¬ 
sary, to more complete demonstrations, short descriptions of the 
various classes of engineering apparatus or machinery, a full state¬ 
ment of methods of testing, and of preparing reports. For a few 
cases, where references cannot be readily given, demonstrations of 
the fundamental principles are given in full. 
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This work deals principally with educational methods, the use 
of apparatus, and the preparation required for making a skilled 
observer. It is believed, however, that the volume will not be 
without value as a reference book to the consulting and practising 
engineer, since it contains in a single volume the principal standard 
methods which have from time to time been adopted by various 
engineering societies for the testing of materials, engines, and other 
machinery, and an extensive series of tables useful in computing 
results. It also contains a description of the apparatus required 
in testing and directions for taking data and deducing results in 
engineering experiments as applied in nearly every branch of the art. 

An attempt has been made, by dividing the book into several 
chapters of moderate length and making the paragraphs short, to 
make references to the book easy to those who care to consult it. 

The full list of subjects treated in the book is given in the Table 
of Contents, which immediately follows the Preface. Some of the 
more important divisions of the work are as follows: 

Experimental Methods oi Investigation. 

Reduction of Experimental Data. The Slide Rule; the Planimeter. 

Strength of Materials, Including General Formulas, Testing Machines, and 
Methods of Testing. 

Methods and Instruments for Measurement of Pressure. 

Methods and Instruments for Measuring Temperature. 

Metliods and Instruments for Measuring Speed. 

Friction and the Testing of Lubricants. 

Measurement and Transmission of Power. 

Heat and Projxirljes of Gases and Vapors. 

Measurement of Liquids, Gases and Vapors. 

Combustion and Fuels. 

Methods of Determining the Amount of Moisture in Steam. 

The Engine Indicator. 

The Indicator Diagram. 

The Testing of Steam Boilers. 

The Testing of Steam Engines, Pumping Engines and Locomotives. 

Steam Turbines. 

Injectors. 

Gas Engines and Gas Producers. 

Hot Air Engines. 

Air Compressing Machinery. 

Mechanical Refrigeration. 

Hydraulic Machinery. 
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The authors desire to express their tixanks for assistance in the 
preparation of this edition to Assistant Professor G. B. Upton, who 
has revised and rewritten the portion of the book relating to Mate¬ 
rials, and afforded valuable assistance in other portions of the book. 
They also desire to express their thanks for the help rendered by 
various colleagues and assistants in Sibley College, particularly to 
Professor C. F. Hirshfeld, Mr. A, G. Kessler, and Mr. G, L. Current. 

The subject-matter of the book comes, of course, from a great 
variety of sources. It has been the aim in every case to give due 
credit, in the body of the book, to the authorities from whom infor¬ 
mation has been obtained in connection with the subject-matter 
under discussion. 

R. C. C. 

Ithaca, N. Y., October^ ip/i. 
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EXPERIMENTAL ENGINEERING 


CHAPTER I 
INTRODUCTORY. 

Reduction of Experimental Data. Graphical Representation of 

Experiments, 

I. Objects of Engineering Experiments. —The object of experi¬ 
mental work in an engineering course of study may be stated under 
the following heads: firstly, to afford a jiractical illustration of the 
principles advanced in the classroom; secondly, to become familiar 
with the methods of testing; thirdly, to ascertain the constants and 
coefficients needed in engineering practice; fourthly, to obtain 
experience in the use of various types of engines and machines; 
fifthly, to ascertain the efficiency of these various engines or machines; 
sixthly, to deduce general laws of action of mechanical forces or 
resistances from the effects or results as shown in the various tests 
made. The especial object for which the experiment is performed 
should be clearly perceived in the outset, and such a method of test¬ 
ing should be adopted as will give the required information. 

This experimental work differs from that in the physical laboratory 
in its subject-matter and in its application, but the methods of 
investigation arc to a great extent similar. In performing engineer¬ 
ing experiments one will be occupied principally in finding coeffi¬ 
cients relating to strength of materials or efficiency of machines; 
these, from the very nature of the material investigated, cannot have 
a constant value which will be exactly repeated in each experiment, 
even provided no error be made. The object will then be to find 
average values for these coefficients, to obtain the variation in each 
specific test from these average values, and, if possible, to find the 
law and cause of such variation. 

t 
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The results axe usually a series of single observations on a vari¬ 
able quantity, and not a series of observations on a constant quan¬ 
tity; so that the method of finding the probable error, by the method 
of least squares, is not often applicable. This method of reducing 
and correcting observations is, however, of such value when it is 
applicable that it should be familiar io engineers, and should be 
applied whenever practicable. The fact that single observations 
are all that often can be secured renders it necessary in this work 
to lake more than ordinary precautions that such observations be 
made correctly and with accurate instruments. 

2, Relation of Theory to Experiment. — It will be found in gen¬ 
eral better to understand the theoretical laws, as given in text-books, 
relating to the material or machine under investigation, before the 
test is commenced; but in many cases this is not possible, and the 
experiment must precede a study of the theory. 

It requires much skill and experience in order to deduce general 
laws from special investigations, and there is always reason to 
doubt the validity of conclusions obtained from such investigations 
if any circumstances are contradictory, or if any cases remain un- 
examined. 

On the other hand, theoretical deductions or laws must be rejected 
as erroneous if they indicate results which are contradictory to those 
obtained by experiments subject to conditions applicable in both 
cases. 

3. The Method of Investigatioii is to be considered as consisting 
of three steps: firstly, to standardize or calibrate the apparatus 
or instruments used in the test; secondly, to make the lest in such 
a way as to obtain the desired information; thirdly, to write a 
report of the test, which is to include a full description of the methods 
of calibration and of the results, which in many cases should be 
expressed graphically. 

The methods of standardizing or calibrating will in general 
consist of a comparison with standard apparatus, under conditions 
as nearly as possible the same as those in actual practice. These 
methods will be given in detail later. The manner of performing 
the test will depend entirely on the experiment. 

The report should be written in books or on paper of a prescribed 
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form, and should describe clearly: (i) Object of the experiment; 
(2) Deduction of formulae and method of performing the experi¬ 
ment; (3) Description of apparatus used, with methods of cali¬ 
brating; (4) Log of results, which must include all the figures taken 
in the various observations of the calibration as well as in the 
experiment. These results should be arranged, whenever possible, 
in tabular form; (5) Results of the experiment; these should be 
expressed numerically and graphically, as explained later; (6) Con¬ 
clusions deduced from the experiment, and comparison of the results 
with those given by theory or other experiments. 

4. Classification of Experiments. — The method of performing 
an experiment must depend largely on the special object of the test, 
which should in every case be clearly comprehended. The follow¬ 
ing subjects are considered in this treatise, under various heads: 
(t) The calibration of apparatus; (2) Tests of the strength of 
materials; (3) Measurements of liquids and gases; (4) Tests of 
friction and lubrication; (5) Efficiency tests, which relate to (a) 
belting and machinery of transmission, (h) water-wheels, pumps, 
and hydraulic motors, (c) hot-air and gas engines, (d) air-com¬ 
pressors and compressed-air machinery, (e) steam-engines, boilers, 
injectors, and direct-acting pumps. 

5. Efficiency Tests. —Tests may be made for various objects, 
the most important being probably that of determining the efficiency, 
capacity, or strength. 

The efficiency of a machine is the ratio of the useful work delivered 
by the machine to the whole work supplied or to the whole energy 
received. The limit to the efficiency of a machine is unity, wdiich 
denotes the efficiency of a perfect machine. 

The whole work performed in driving a machine is evidently 
equal to the useful work, plus the work lost in friction, dissipated 
in heat, etc. The lost work of a machine often consists of a 
constant part, and in addition a part bearing some definite pro¬ 
portion to the useful work; in some cases all the lost work is 
constant. 

Efficiency tests are made to determine the ratio of useful work 
performed to total energy received, and require the determination 
of, first, the work or energy received by the machine; second, the 



4 


EXPERIMENTAL ENGINEERING 


useful work delivered by the machine. The friction and other lost 
work is the difference between the total energy supplied and the 
useful work delivered. In case the efficiency of the various parts 
of the machine is computed separately, the efficiency of the whole 
machine is equal to the product of the efficiencies of the various 
component parts which transmit energy from the driving-point to 
the working-point. 

The work done or energy transmitted is usually expressed in 
foot-pounds per minute of time, or in horse-power, which is equiva¬ 
lent to 33,000 foot-pounds per minute, or 550 foot-i[x)unds per 
second of time. 

6. Classification of Experimental Errors. — In the following arti¬ 
cles the method of reducing observations and producing equations 
from experimental data is briefly set forth. All experimental obser¬ 
vations are subject to error. The theory relating to the probability 
of errors is treated under the head of “Least Squares,” which can 
be fully studied in the work by Chauvenet published by Lippin- 
cott & Company, or in the work by Merriman published by John 
Wiley ^ Sons. 

The errors to which all observations are subject are of two classes: 
systematic and accidental. 

Systematic errors are those which affect the same quantities in 
the same way, and may be further classified as instrumental and 
personal. The instrumental errors are due to imperfection of the 
instruments employed, and are detected by comparison with standard 
instruments or by special methods of calibration. Personal errors 
are due to a peculiar habit of the observer tending to make his 
readings preponderate in a certain direction, and are to be ascer¬ 
tained by comparison of observations: first, with those taken auto¬ 
matically; second, with those taken by a large number of observers 
equally skilled; third, with those taken by an observer whose per¬ 
sonal error is known. Systematic errors should be investigated 
first of all, and their effects eliminated. 

Accidental errors are those whose presence cannot be foreseen 
nor prevented; they may be due to a multiplicity of causes, but it is 
found, if the number of observations be sufficiently great, that their 
occurrence can be predicted by the law of probability, and the 
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probable value of these errors can be computed by the Method 
OF Least Squares. 

Before making application of the Method of Least Squares, 
determine the value of the systematic errors, eliminate them, and 
apply the Method of Least Squares to the determination of acci¬ 
dental errors. 

7. Probability of Errors. — The following propositions are re¬ 
garded as axioms, and are the fundamental theorems on which the 
Method of Least Squares is based: 

1. Small errors will be more frequent than large ones. 

2. Errors of , excess and deficiency (that is, results greater or 
less than the true value) are equally probable and will be equally 
numerous. 

3. Large errors, beyond a certain magnitude, do not occur. 
That is, the probability of a very large error is zero. 

From these it is seen that the probability of an error is a function 
of the magnitude of the error. Thus let cc represent any error and 
y its probability, then 

By combination of the principles relating to the probability of 
any event Gauss determined that 

y — (i) 

in which c and h are constants, and e tlie base of the Napierian 
system of logarithms. 

8 . Errors of Single Observations. — It can be shown by calcula¬ 
tion that the most probable value of a series of observations made 
on the same quantity is the arithmetical mean, and if the obser¬ 
vations were infinite in number the mean value would be the true 
value. The residual is the difference between any observation and 
the mean of all the observations. The mean error of a single 
observation is the square root of the sum of the squares of the resid¬ 
uals, divided by one less than the number of observations. The 
probable error is 0.6745 times the mean error. The error of the 
result is that of a single observation divided by the square root of 
their number. 

Thus let n represent the number of observations, 5 the sum of the 
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squares of the residuals; let e, fj, etc., represent the residual, 
which is the difference between any observation and the mean 
value; let S denote the sum of the quantities indicated by the 
symbol directly following* 


Then we shall have 


Mean error of a single observation 

<>5 

-H 

(2) 

T ^ _ I 

Probable error of a single observation ± 0.674<v/ 

( 3 ) 


^ n - 1 

Mean error of the result 

▼ n{n — 1) 

( 4 ) 

Probable error of the result 


(5) 


In every case S ^ 


9. Example. The following example illustrates the method 
of correcting observations made on a single quantity: 

A great number of measurements have been made to determine 
the relation of the British standard yard to the meter. The British 
standard of length is the distance, on a bar of Bailey^s bronze, 
between two lines drawn on plugs at the bottom of wells sunk to 
half the depth of the bar. The marks are one inch from each end* 
The measure is standard at 72^ F., and is known as the Imperial 
Standard Yard. 

The meter is the distance between the ends of a bar of platinum, 
the bar being at 0° C., and is known as the Md/re des Archives, 

The following are some of these determinations. That made 
by Clarke in 1866 is most generally recognized as of the greatest 
weight. 


COMPARISON OF BRITISH AND FRENCH MEASURES. 


Name of Observei 

Date. 

Observed 
length of 
meter in 
inches. 

Difference 
from the 

mean. 

Residual— C j 

Square of the 
Residuals 

Kater. 

1821 

39-37079 

i 

— 0.001460 

0.000002 3316 

Hassler.i 

183* 

39.38103 

■f 8780 

0.0000770884 

Clarke. 

1866 

39.370432 

j8i8 

0.0000033124 

Rogers. 

1884 

39-37015 

— 2100 

0.0000044100 

Comstock. 

1885 

39 -369^5 

— 0.002400 

0.0000057600 

Mean value.. 


39 372*50 


0.0000007024 
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So’ = 5 == 0.0000907024, « = 

Mean error of a single observation = 
Probable error of single observation = 
Mean error of mean value — 

Probable error of mean value == 


5, «(m — i) = 20. 

± \ l —= 0.00476. 

’ M — I 

± 0.00317. 

± 0,00142. 


That is, considering the observations of equal weight, it would 
be an even chance whether the error of a single observation were 
greater or less than 0.00317 inch, and the error of the mean greater 
or less than 0.00142. 

10. Combination of Errors. —When several quantities are in¬ 
volved it is often necessary to consider how the errors made upon 
the different quantities will affect the result. 

Since the error is a small quantity with reference to the result, 
we can get sufficient accuracy with approximate formulae. 

Thus let .Y equal the calculated or observed result, F the error 
made in the result; let x equal one of the observed quantities, and 
/ its error. Then will 

d Y 

in which is the partial derivative of the result with respect to 
dx 

the quantity supposed to vary. In case of two quantities in which 
the errors arc F, F\ etc., the probable error of the result 

- ± V + F'-^ (7) 

11. Deduction of Empirical Formulae.—Observations are fre¬ 
quently made to determine general laws which govern phe¬ 
nomena, and in such cases it is imj:>ortant to determine what 
formula will express with least error the relation between the 
observed quantities. 

These results are empirical so long as they express the relation 
between the observed quantities only; but in many cases they are 
applicable to all phenomena of the same class, in which case they 
express engineering or physical laws. 
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In all these cases it is important that the form of the equation be 
known, as will appear from the examples to be given later. The 
form of the equation is often known from the general physical laws 
applying to similar cases, or it may be determined by an inspection 
of the curve obtained by a graphical representation of the experi¬ 
ment. A very large class of phenomena may be represented by 
the equation 

y >=■ A + Bx + Co^ + Z)x*-i-, etc. (8) 

In case the graphical representation of the curve indicates a para¬ 
bolic form, or one in which the curve approaches parallelism with 
the axis of X, the empirical formula will probably be of the form 

y — A -I Bx^ -)- Cx^ + Dx^ -f, etc. {9) 

In case the observations show that, with increasing values of x, 
y passes through repeating cycles, as in the case of a pendulum, 
or the backward and forward motion of an engine, the character¬ 
istic curve would be a sinuous line with repeated changes in the 


direction of curvature from convex to concave, 
would be of the form 

The equation 

y ~ A -f B, sin x 4 - B, cos x + C. sin 

^ m ‘ m ‘ 

— 2 X 
m 

+ C, cos — 2 x-\ , etc. 

* m 

(10) 

Still another form which is occasionally used is 


y — A -f B sin mx -f C sin^ wx-t , etc. 

(XI) 


13. Rules and Formulse for Approximate Calculation. — A 

mathematical expression can often be simplified with sufficient 
accuracy by the omission of terms containing factors which are 
negligibly small as compared with the terms retained. 

On the principle that the higher powers of very small quantities 
may be neglected with reference to the numbers themselves, we 
can form a series by expansion by the binomial formula, or by 
division, in which, if we neglect the higher powers of the smaller 
quantities, the resulting formul® become much more simple, and 
are usually of sufficient accuracy. 



INTRODUCTORY 


9 


Thus, for instance, let equal a very small fraction; then the 
expression 

ifl + 5 )"* = ff”* + 5 + w etc., 

2 

will become 8 , if the higher powers of 8 be neglected. 

If d is equal to to’«o part of fl, the error which results from omitting 
the remaining terms of the series becomes very small, as in this case 
the value of 8 ^ — Tvuitrmj a. 

The following table of approximate formula; presents several 
cases w^hich can often be applied with the effect of materially 
reducing the work of computation without any sensible effect on 
the accuracy: 


(l + d)”' 

(ijjr 
1 + 8 
(I + a)*> 


1 + 8 
I 

(I + a)’ 


= I + m 8 , 

= 1 + 28, 

= I -h |a, 
= I + 3 a, 

= I - a, 


= I — 2 a. 


(i - = I _ m 8 -, 

(1 — sy - i — 28; 
v' 1 — 8 --1 — ^8; 
(1 - a)’ =. I - 3 a; 


(I - 8 y 


1 + 23 ; 


2= I 




= ^ I + 


v^i + a ■ " ' \/i - a 

(i + a) (i + f) (i + (^) = I + a + £ + ?; 

(i - a) (i - £) (i - c) == I - a - £ - c; 

(i ± a) (i ± £) (i ± c) = I ± a ± £ ± c; 

(i ± a) (i ± r) 

(1 ± s) (i ± v) 


I ± a ± c + £ + 9 ; 


2 

sin (jc + 5) = sin x -h S cos x; 
cos 4- 5) = cos x' — sin x; 

d 

tan (ap + a) = tan X + —r— = tan x: + a sec* 

cos* X 


sin (.V — 8 ) sin ^ — a cos x; 
cos (» — a) = cos X + a sin » 


(12) 

(13) 

(14) 

(15) 

(16) 

(17) 

(18) 

(19) 

(20) 

(21) 

(22) 


(23) 

(24) 

(25) 

(26) 

(27) 

(28) 
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13, The Rejectioxi of Doubtful Observations,^ —It often hap¬ 
pens that in a set of observations there are certain values which 
are so much at variance with the majority that the observer rejects 
them in adjusting the results. This might be done by application 
of Rule 3, Article 7, provided the magnitude of the errors which 
could not occur were definitely determined; but to reject such obser¬ 
vations without proper rules is a dangerous practice, and not to be 
recommended. 

This brings into sight a class of errors which we may term mutakes^ 
and which are in no sense errors of observation, such as wc have 
been considering. Mistakes may result from various causes, as a 
misunderstanding of the readings, or from recording’the wrong 
numbers, inverting the numbers, etc.; and when it is certainly 
shown that a mistake has occurred, if it cannot be corrected with 
certainty, the observations should be rejected. After making 
allowance for all constant errors^ no results except those which are 
unquestionably mistakes should be rejected. 

The remaining discrepancies will then fall under the head of 
irregular or accidental errors, and are to be corrected as explained 
in the preceding articles; the effect of a large error is largely or 
wholly compensated for by the greater frequency of the smaller 
errors. 

14. When to Neglect Errors. —Nearly all the observations taken 
on any experimental work are combined with observations of some 
other quantity in order to obtain the desired result. Thus, for 
example, in the test of a steam-engine, observations of the number 
of revolutions and of the mean effective pressure acting on the 
piston are combined with the constants giving the length of stroke 
and area of piston. The product of these various quantities gives 
the work done per unit of time. 

All of these quantitii^s are subject to correction, and it is often 
important to allow for such correction in the result. Just how 
important these corrections may be depends on the degree of accu¬ 
racy which is sought. 

As the degree of accuracy increases, the number of influencing 
circumstances increases as well as the difficulty of eliminating them; 
♦ See Adjustment of Observations, by T. W. Wright. N. Y., D, Van Nostrand. 
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hence this part of the work is often the most difficult and sometimes 
the most important. To what limit these corrections may be carried 
depends on our knowledge of the laws which govern the experiments 
in quCvStion, as well as the accuracy with which the observations 
may be taken. It is evidently unnecessary to correct by abstruse 
and difficult calculation for influences which make less difference 
than the least possible unit to be determined by observation, and 
this consideration sliould no doubt determine whether or not correc¬ 
tions should be taken into account or neglected. 

Thus, in the case of the lest of a steam-engine, we have errors 
made in obtaining the engine constants, i.c., length of stroke and 
area of piston. These errors may be simply of measurement, or 
they may be due to changes in the temperature of the body meas¬ 
ured. The errors of measurement depend on accuracy of the scale 
used, care with which the observations are made, and can be dis¬ 
cussed as direct observations on a single quantity. The errors due 
to change of tcmi)eraturc can })c calculated if observations showing 
the temperature arc taken and if the coefficient of expansion is 
known. A calculation will, in case of the steam-engine constants 
referred to above, show that in general the probable error of obser¬ 
vation is many times in excess of any change due to expansion, and 
hence the latter may be neglected. The question of the com¬ 
bination of errors has already been discussed in Article lo. 

It is to be remembered that the methods of correction outlined 
in the Method of Least Squares ap}>lies only to those accidental 
and irregular errors which cannot be directly accounted for by 
any imperfection in inslrumcnis or peculiar habit of the observer; 
usually the correction for instrumental and personal errors is to 
be made to the observations themselves, before computing the 
probable error. 

IS. Accuracy of Numerical Calculations. — The results of all 
experiments are expressed in figures which show at best only an 
approximation to the truth, and this accuracy of expression is 
increased by extending the number of decimal figures. It is, how¬ 
ever, evidently true that the mere statement of an experiment, with 
the results expressed in figures of many decimal places, does not of 
necessity indicate accurate or reliable experiments. The accuracy 
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depends not on the number of decimal places in the result, but on 
the least errors made in the observations themselves. 

It is generally well to keep to the rule that the result is to be brought 
out to one more place than the errors of observation would indicate 
as accurate; that is, the last decimal place should make no pre- 
tensions of accuracy; the one preceding should be pretty nearly 
accurate. In doubtful cases have one place too many rather than 
too few. No mistake, however, should be made in the numerical 
calculations; and these, to insure accuracy, should be carried for 
one place more than is to be given in the result, otherwise an error 
may be made that will affect the last figure in the result. The extra 
place is discarded if less than 5; but if 5 or more it is considered 
as 10, and the extra place but one increased by i. 

In performing numerical calculations, it will be entirely unneces¬ 
sary to attempt greater accuracy of computation than can be carried 
out by a four-place table of logarithms, except in cases where the 
units of measurement are very small and the numbers correspond¬ 
ingly great. In general, sufficient accuracy can be secured by the 
use of the pocket slide-rule, the readings of which are hardly as 
accurate as a three-place table of logarithms. The slide-rule will 
be found of great convenience in facilitating numerical compu¬ 
tations, and its use is earnestly advised. 

16. Methods of Representing Experiments Graphically. —Nearly 
all experiments are undertaken for the purpose of ascertaining the 
relation that one variable condition bears to another, or to the 
result. All such experiments can be represented graphically by 
using paper divided into squares. The result of the experiment 
is represented by a curve, drawn as follows: Lay off in a horizontal 
direction, using one or more squares as a scale, distances correspond¬ 
ing with the record values of one of the various observations, and in 
a similar manner, using any convenient scale, lay off, in a vertical 
direction from the points already fixed, distances proportional to the 
results obtained. A line connecting these various points often will 
be more or less irregular, but will represent by its direction the rela¬ 
tion of the results to any one class or set of observations. A connect¬ 
ing line may form a smooth curve, but if, as is usually the case, the 
line is irregular and broken, a smooth curve should be drawn in a 
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position representing the average value of the observations. The 
points of observation, located on the squared paper as described, 
should be distinctly marked by a cross, or a point surrounded with a 
circle, triangle, or square; and further, all observations of the same 
class should be denoted by the same mark, so that the relation of the 
curve to the observations can be perceived at any time. 

The value of the graphical method over the numerical one depends 
largely on the well-known fact that the mind is more sensitive to 
form, as perceived by the eye, than to large numbers obtained by 
computation. Indeed, when numbers are used, the averages of a 
series of observations are all that can be considered, and the effect 
of a gradual change, and the relation of that change to the result, 
are often not perceived. 

Every experiment should be expressed graphically, and students 
should become expert in interpreting the various curves produced. 
A sample of paper well suited for representing experiments is bound 
in the back portion of the present work. In case the horizontal 
distances or abscissas represent space passed through, and the 
vertical distances or ordinates represent the force acting, then will 
the area included between this curve and the initial lines represent 
the product of the mean force into the space passed through, —or, 
in other words, the work done. The units in which the work will 
be expressed will depend on the scales adopted. If the unit of space 
represent feet, the unit of force pounds, the results will be in foot¬ 
pounds. The initial lines in each case must be drawn at distances 
corresponding to the scales adopted, and must represent, respec¬ 
tively, zero-force and zero-space. 

To find the length of the mean ordinate, from which the mean 
pressure is easily obtained, vertical lines are drawn so close together 
that the portion of the curve included between them is sensibly 
straight; the sum of these lines, which may be expeditiously taken 
by transferring them successively to a strip of paper and measuring 
the total length, is found; and this result divided by the number gives 
the length of the mean ordinate. This length multiplied by the 
scale gives the pressure. An integrating instrument, the planimeter, 
is more frequently used for this purpose, and gives more accurate 
results. The theory of the instrument and the method of using are 
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of great importance to engineers, and are given in full in the following 
chapter. 

Logarithmic Cross-section Paper is very convenient for the reduc¬ 
tion of certain forms of curves to algebraic or analytic equations. 
The rulings of this paper are made at distances proportional to the 
logarithms of the numbers which represent the ordinates and abscis¬ 
sae. Any curve which may be represented by a simple logarithmic 
or exponential equation would be represented on paper ruled in this 
way by a straight line. Thus, an equation of the general form 
y = Bx^ can be reduced so that log y = log B n log which is 
the equation of a straight line in logarithmic units. In this equation 
n is the tangent of the angle which the line makes with the axis of 
abscissae, and B is the intercept on this axis from the origin. Paper 
ruled in this manner can be obtained from most dealers in technical 
supplies. In case it cannot be obtained, ordinary cross-section 
paper, as shown in the Appendix to this book, may be used by 
numbering the graduations on the axes of abscissae and ordinates as 
proportional to the logarithms of the distances from the origin. 

17, Autographic Diagrams. —In various instruments used in 
testing, a diagram is drawn automatically, in which the abscissa 
corresponds to the space passed through, the ordinate to the force 
exerted, and the area to the work done. A familiar illustration is 
the steam-engine indicator-diagram, in which horizontal distance 
corresponds to the stroke of the piston of the engine, and vertical 
distance or ordinates to the pressure acting on the piston at any 
point. The absolute amount of the pressures may be determined by 
reference to the atmospheric line. The distance vertically between 
the lines drawn on the forward and back strokes of the engine is 
the effective pressure acting on the piston at the given position of 
its stroke; the mean length of all such lines is the mean effective 
pressure utilized in work. The vertical distance from any point on 
the atmospheric line to the curve drawn while the piston is on its 
forward stroke is the forward pressure, the corresponding distance 
to the back-pressure line is the back pressure, and the areas between 
these respective curves give effective or total work per revolution. 

An autographic device is put on many materials testing-machines: 
in this case the ordinates of the diagram drawn represent pressure 
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applied to the lest specimen, and abscissae represent the stretch of 
the specimen. This latter corresponds to the space passed through 
by the force, so that the area of the diagram included between the 
curve and line of no pressure represents the work done, —at least 
so far as the resistance of the test-piece is equal to the pull exerted, 
which is the case within the elastic limit only. 

Various dynamometers construct autographic diagrams in which 
ordinates are proportional to the force exerted and abscissae to the 
space passed through, so that the area is proportional to the work 
done. The diagram so drawn would represent the work done 
equally well were ordinates proportional to sjiace passed through 
and abscissae to the force exerted, but such diagrams arc not often 
used. 
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APPARATUS FOR REDUCTION OF EXPERIMENTAL DATA AND FOR 
ACCURATE MEASUREMENT. 

x8. The Slide-rule, — The slide-rule is made in several forms, 
but it consists in every case of a sliding scale in which the distance 
between the divisions, instead of corresponding to the numbers 
marked on the scale, corresponds to the logarithms of these numbers. 
This scale can be made to slide past another logarithmic scale, so 
that by placing them in proper positions there may be shown the 
sum or difference of these scales, and the number corresponding. 
As these scales arc logarithmic, the number corresponding to the 
sum is the product, that corresponding to the difference is the quo¬ 
tient. Operations involving involution and evolution <‘an also be 
]>erformed. Scales showing the logarithmic functions of angles are 
also usually supplied. 
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Fig. I. — The Slide-rule. 


The usual form of the slide-rule is shown in Fig. i. This form 
carries four logarithmic scales, one on either edge of the slide, and 
one above and one below. Either scale can be used; that above is 
generally equivalent to one half the scale of the lower, and while not 
quite so accurate, is more convenient than the one below. The 
trigonometrical scales are on the back of the slide. The principal use 
of the computer is the solution of problems in multiplication and 
division. 

The following directions for use of the plain slide-rule, which is 
ordinarily employed, give a simple practical method of multiplying 
or dividing by the slide-rule, experience having shown that when 
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these processes are fully understood the others are mastered with¬ 
out instruction. 

Suppose that a student has a slide-rule of the straight kind, and 
similar to the one in Fig. i, which consists of a stationary scale, a 
sliding-scale, and a sliding pointer or runner. These parts we will 
term, respectively, the scale, the slide, and the runner. 

19. Directions for using the Slide-rule. — Holding the rule so 
that the figures are right side uj), four graduated edges will be seen, 
of which only the upper two are used in the problem we are about 
to describe. (The method of using the two lower scales w^ould be 
exactly the same, the difference being, that they arc twice as long, 
and that the slide is above instead of below the scale.) 

Move the slide to such a position that the graduations agree 
throughout the length of the scale, and place the runner at a dh’ision 
marked i, and the rule is ready for use. Arrange the factors to be 
dealt with in the form of a fraction, with one more factor in numer¬ 
ator than in denominator, units being introduced if necessary to 
make up deficiencies in the factors. 

Thus, to multiply 6 by 7 by 3 and divide by 8 times 2, arrange the 
factors as follows: 

6X7X3 

8X2 

The factors in the numerator show the successive |X)sitions which 
the runner must take; those in the denominator the positions of the 
slide. Thus, to solve abo^T example, start (1) with runner at 6 on 
the scale, always reading from same side of runner; (2) bring figure 
8 on slide to runner; (3) move runner to 7 on slide: the result can 
now^ be read on tlie scale; (4) bring 2 on slide to runner; (5) move 
runner to 3 on slide. The result is read directly on the scale at 
position of runner. 

Another example: Multiply ii by 6 by 7 by 8, and divide by 31. 

In this case arrange the factors 

II X 6 X 7 X 8 
31 X X X I 

Start with runner at ii on scale, move i on slide to runner, move 
runner to 6 on slide, move i on slide to runner, runner to 7 on slide, 
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move 31 on slide to runner, runner to 8 on slide: read result on scale 
at runner. 

The numbers on the slide-rule are to be considered significant 
figures, and to be used without regard to the decimal point. Thus 
the number on the rule for 8 is to be used as .8 or 80 or 800, as may 
be desired, even in the same problem. The significant figures in 
the result are readily determined by a rough computation. In case 
the slide projects so much beyond the scale, that the runner cannot 
be set at the required figure on the slide, bring the runner to 1 on the 
slide, then move the slide its full length, until the other i comes 
under the runner. Then proceed according to directions above; 
i,e., move runner to number on slide, and read results on the scale: 

6 X 23 X X 7 X 7 X 3t ^ p 

7 t X 426 X 914 X 1 X X 

Begin wdth the first factor in the numerator, and multiply and 
divide alternately, — 

6, -J- TT, X 25, -f- 426, X 3.5, 014, etc,,— 

until all the factors have been used, checking them off as they are 
used, to guard against skipping any or using one twice. To multiply, 
move the runner; to divide, move the slide: in either case sec that the 
runner points to a graduation on the slide corresponding to the factor. 
The result at the end or at any stage of the process is given by the 
runner on the stationary sc^de. Or, lo be more exact, the significant 
figures of the result are giv^rr, for in no case does the slide-rule 
show where to place the decimal point. If the decimal point 
cannot be located by inspection of the factors, make a rough 
cancellation. 

Involution and evolution are readily mastered by simple practice. 
Slide-rules working on the same principle are frequently made with 
circular or cylindrical scales, which in the Thatcher and Fuller instru¬ 
ments are of great length. 

Thatcher’s calculating instrument consists of a cylinder 4 inches 
in diameter and 18 inches long, working within a framework of 
triangular bars. Both the cylinders and bars are graduated with a 
double set of logarithmic scales, and results in multiplication or 
division can be obtained from one setting of the instrument, hence 
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it is especially convenient when a series of numbers are to be multi¬ 
plied by a common factor. The scales in this instrument are about 
50 feet in length, and results can be read usually to five places. 



Fio. 2. — The Thatcher Rule. 


The mstrument is similar to the straight slide-rule previously 
described, the scale on the triangular bars corresponding to the 
stationary sede, that on the cylinder to the sliding scale, and a 
triangular index 7 to the sliding j)ointer or runner. The method 
of using is essentially similar to that of the plain slide-rule, thus, 
to solve an example of the form a/6, put the runner 1 on the trian¬ 
gular scale at the number corresponding to a, bring the number 
corresponding to b on the cylindrical scale to register with a on the 
triangular scale; the respective numbers on the triangular scale and 
cylinder will in this position all be in the ratio of a to 6, and the 
quotient will be read by noting that number on the triangular scale 
which registers with i on the c}lin(]rical scale. The product of 
this quotient by any other number wdll be obtained by reading the 
number on the triangular scale registering with the required multi¬ 
plier on the cylindrical scale. 

Fuller’s slide-rule, Fig. 3, consists of a cylinder C which can be 
moved up or dowm and turned around a sleeve which is attached to 
the handle 7 /. A single logarithmic scale, 42 feet in length, is gradu¬ 
ated around the cylinder spirally, and the readings are obtained by 
means of two pointers or indices, one of which, - 4 , is attached to 
the handle, and the other, 7 J, to an axis which slides in the sleeve. 
This mstrument is not well adapted for multiplying or dividing a 
series of numbers by a constant, since the cylinder must be moved 
for every result. The instrument is, however, very convenient for 
ordinary mathematical computations, and the results may be read 
accurately to four decimal places. 
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The method of using the instrument is as follows: Call the pointer 
Af fixed to the handle, the fixed pointer, the other, 55 ', which may 
be moved independently, the movable index. To use the instru¬ 
ment, as for example in performing the operation indicated by 
{a X b) ^ c, set the fixed pointer A to the first number in the num¬ 
erator, then bring the movable index 5 to the first figure in the de¬ 
nominator; then move the cylinder C until the second figure in 
the numerator appears under the movable index; finally read the 
answer on the cylinder C underneath the fixed pointer A. 



Fig, 3. — The Fuller Sliue-rui-e. 


In general, to divide with this instrument move the index 5; to 
multiply, move the cylinder C; read resultwS under the fixed pointer 
A. The movable index 55 ' has two marks, one at the middle, 
the other near the end of the pointer, either of which may be used 
for reading, as convenient, their distance apart corresponding to the 
entire length of the scale on the cylinder C. 

20. The Vernier. — The vernier is used to obtain finer sub¬ 
divisions than is jiossible by directly dividing the main scale, which 
in this discussion we w’-ill term the limb. 

The vernier is a scale which may be moved with reference to the 
main scale or limb or, vice versa, the vernier is fixed and the limb 
made to move past it. 

The vernier has usually one more subdivision for the same dis¬ 
tance than the limb, but it may have one less. The theory of the 
vernier is readily perceived by the following discussion. Let d 
equal the value of the least subdivision of the limb; let n equal the 
number of subdivisions of the vernier which are equal to n — i 
on the limb. Then the value of one subdivision on the vernier is 
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The difference in length of one subdivision on the limb and one 
on the vernier is 

\ n / n 

which evidently will equal the least reading of the vernier, and 
indicates the distance to be moved to bring the first line of the 
vernier to coincide with one on the limb. In case there is one more 
subdivision on the limb than on the vernier for the same distance, 
the interval between the graduations on the vernier is greater 
than on the limb, and the vernier must be behind its zero-point 
with reference to its motion, and hence is termed retrograde. The 
formula for this case, using the same notation as before, gives 

^ J — for the least reading. 

\ n / n 

The following method will enable one to readily read any vernier; 
I. Find the value of the least subdivision of the limb. 2. Find 
the number of divisions of the vernier which corresponds to a num¬ 
ber one less or one greater than that on the limb: the quotient 
obtained by dividing the least subdivision of the limb by this num¬ 
ber is the value of the least reading of the vernier. The following 
rules for reading should be carefully observed: 

Firstly. Read the last subdivision of the limb passed over by the 
zero of the vernier on the scale of the limb as the reading of the limb. 
Secondly, Look along the vernier until a line is found %vhich 
coincides with some line on the limb. Read the number of this line 
from the scale of the vernier. This number multiplied by the least 
reading of the vernier is the reading of the vernier. 

Thirdly. The sum of these readings is the one sought. 

Thus, in Fig. 5, page 22, (i) the reading of the limb is 4.70 at 
a; (2) that of the vernier is 0.03; (3) the sum is 4.73. 

21. The Polar Planimeter.—The planimeter is an instrument 
for evaluating the areas of irregular figures, and in some one of its 
numerous forms is extensively used for finding the areas of indicator 
and dynamometer diagrams. 

The principal instrument now in use for this purpose was in¬ 
vented by Amsler and exhibited at the Paris Exposition in 1867. 
This form is now generally known as Amsler’s Polar Planimeter; 
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as most of the other instruments are modifications of this one, it is 
important that it be thoroughly understood. 

The general ajipearance of the instrument is shown in Fig. 4, from 
which it is seen that it consists of two simple arms PK and FKy 



pivoted together at the point K. The arm PK during use is free to 
rotate around the point P, and is held in place by a weight. The 
arm KF carries at one end a tracing-point, which is passed around 
the borders of the area to be integrated. It also carries a wheel, 
whose axis is in the same vertical ])lane with the arm KF, and 
which may be located indifferently between K and F, or in KF 
produced. It is usually located in KF produced, as at D. The 
rim of this wheel is in contact with the paper, and any motion of the 
arm, except in the direction of its axis, uill cause it to revolve. 



Fig. 5. — Record Wheel, Amsler Polar Planimeter. 


A graduated scale with a vernier denotes the amount of lineal 
travel of its circumference. This wheel is termed the record-wheel, 
Fig. 5. The wheel D is subdivided into a given number of parts, 
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usually 100; the value of one of these parts is to be obtained by 
dividing the circumference of the rim of the wheel which is in 
contact with the paper by the number of divisions. This result 
will give the value of the least division on the limb; this is sub¬ 
divided by an attached vernier, in this particular case to tenths of 
the reading of the limb, so that the least reading of the vernier is 
one thousandth of that of one revolution. 

22. Theory of the Instrument. — There are a number of methods 
of developing the theory of the planimetcr, two of which will be 
given. The first of these is due 
to Mr. G. B. Upton, and was 
published in the ‘‘Sibley Jour- 
naB’ for 1905-06. 

If a straight line mn move in a 
plane, it will generate an area. 

This area may be considered 
positive or negative according to 
the direction of motion of the 
line. In Fig. 6, let the paths 
of the ends m and u of the line be the perimeters of the areas 
A and B respectively, m and n travelling clockwise about these 
perimeters. The areas . 4 , By and C between .4 and B, are then 

generated by the line as 
shown by the arrows. Call¬ 
ing A a positive area, it is 
at once app)arent that the 
net area generated is 

A -\ C - C -- Byov A - B. 

The immediate corollary to 
this is that if the area B be 
reduced in width to zero, as 
in Fig. 7, i.e., becomes a line 
along which n travels back 
and forth, the area swepit over will be Ay around which m is 
carried. 

Analyzing a differential motion of the line from mn to m'n' 


in 



Fig, 7. 



Fig. 6. 
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(Fig» 8), it may be broken up into three parts: a movement 
perpendicular to the line, giving area ldp\ a movement in the 

direction of the length of the line, 
giving no area; and a movement of 
rotation about one end, giving as area 
\PdO, The total differential of area 
is then dA ^ Idp \PdfK I is always 
a constant during the operation of a 
planimeter, so that 



Fig. S. 


A - 


fdA = lfdp + ^pjdd. 


The common use of a planimeter is that typified in Fig. 7, where 
the tracing^point is carried around the area to be measured, while 
the other end of the tracing-arm is guided back and forth along some 
line. The guide-line is usually either a straight line or an arc of a 
circle. When the tracing-point has returned to its initial position 

the net angle turned through by the tracing-arm, or j*dO, is zero. 


Hence A ^ I 


fdp simply. 



is the net distance the arm 


has moved perpendicular to itself. Call this R, and there results 
the equation of the planimeter 


A - IR. 


(I) 


The Zero-circle (see Fig. 9). —If the two arms be clamped so 
that the plane of the record-wheel intersects the centre P, and be 
revolved around P, the graduated circle will be continually travelling 
in the direction of its axis, and will evidently not revolve. A circle 
generated under such a condition around P as a centre is termed the 
zero-circle. If the instrument be undamped and the tracing-point 
be moved around an area in the direction of the hands of a watch 
outside the zero-circle, the registering wheel will give a positive 
record; while if it be moved in the same direction around an area 
inside the zero-circle, it will give a negative record. This fact 
makes it necessary, in evaluating areas that are very large and have 
to be measured by swinging the instrument completely around P 
as a centre, to know the area of this zero-circle, which must be 
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added to the determination given by the instrument, since for such 
cases that circumference is the initial point for measurement. 

If the polar planimeter is so used as to 
bring in the zero-circle, the case is that of 
Fig. 6 , each end of the line describing an 
area. The tracing-arm sweeps over the 
difference between the area described by 
T (Fig. 9) and the circle made by G about 
P as a centre. This difference-area is not, 
however, recorded by the planimeter be¬ 
cause the / dd is now 2?r instead of zero, 

. Fig. 9. 

T making a complete revolution about P. The linear turning of 
the edge of the recording-wheel is fdp — 27 :n, where n is the dis¬ 
tance from guided point G to the plane of the wheel. The effect 
on the reading is the same as if the radius PG were increased. 
The zero-circle is traced by T when the plane of W passes through 

P. Then j dp ^ 2 mt, and the wheel records zero. 

In practice the area described by the tracing-point is found by 
adding to the area of the zero-circlc the area recorded by the wheel, 
taking account of the algebraic sign of the latter. 

The second demonstration of the theory of the planimeter is 
given by Professor A. G. (ireenhill, published in his ‘‘ Differential 
and Integral Calculus,” p. 228. 

The planimeter in its most usual form, that invented by Amsler 
of Schaffhausen, consists of two bars OA, APy jointed at Ay and 
carrying in PA produced a small graduated roller P, with axis fixed 
parallel to PA (Fig. 10). 

To explain the theory of the instrument, let OA = a, i 4 P =» ft, 
AR ^ Cy and the radius of the roller = r\ and let the direction of a 
positive rotation of the roller, as marked by the graduations, be 
that of rotation on a right-handed screw on the axle of which 
would give a motion in the direction AR. 

Drop the perpendicular 01 from O on ARy and first suppose the 
joint A clamped. 
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Then if / is in - 4 i? produced, a rotation of the instrument about 
d 0 

O with angular velocity — will give to R the component velocities 

(It 

01 ~ in the direction IR and IR — perpendicular to IRj and there¬ 
fore compel the roller to turn with angular velocity ^ ^; but 
when I is on the other side of R, the angular velocity of the roller 
will be-r- • 



Fio 10. 


Therefore, keeping A clamped, the roller will turn through an 
JRI Rl 

angle 0 or- 0 , according as I is not or is on the same 

^ f r 

side of i? as 4 , when the instrument is rotated through an angle d 
about O. 

When I coincides with 72 , the roller will not turn, and then P 
describes a circle called the zero-circle, represented by the middle 
dotted circular line (Fig. lo) of radius 

^{OR^ + RP^) - (b + c)^ = \/{d? + + 2 b^. 
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Next unclamp the joint A, and clamp O; the roller will turn with 
angular velocity ^ ^ when the bar AF turns with angular 


velocity so that the roller will turn through an angle 

dv 


r 


while AP turns through an angle 

Now suppose P to travel round the finite circuit PP^P^P^ by a 
combination of the preceding motions in the following order: 

I. Clamp the joint and move P to Pj, and A to A^^ on arcs 
of circles with center 0; then the roller will turn through an angle 

^ 6 , if the angle AO A, ^ POP, - 0 . 


2. Unclamp A and clamp O, and move P^ to P^ on the arc of 
a circle of center .4 j then the roller will move through an angle 

— — if the angle P.A P^ — <j>. 

Y 

3. Unclamp O and clamp . 4 , and move P^ backwards to P^ and 
to i 4 on arcs of circles with center O, through an angle 0 \ then 

RI 

the roller will move through an angle — —^ 0 , if 01 . is the per- 

Y 

I)endicular from O on P^A. 

4. Unclamp A and clamp O, and move P^ to P on the arc of a 
circle of center A^ and consequently through an angle <f>; the roller 

will turn through an angle — <}>, which cancels the angle due to 

f 

motion (2). 

In completing the finite circuit PP^P^P^ the roller will then have 
turned through an angle 


But the area PPjPjF, = area PP,QiQ 
= sector OPP, — OQQ,. 

- i(OP® - OP,^)e. 

- iiOA^ + AP^ A 2 AI • AP - OA^ - AP^-2A1,- AP)e. 

- {AI - AI,)bd. 

■=■ hr times the angle (in cm.) turned through by the roller, ■ 
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The area PP^P^P^ is therefore b times the travel of the circum¬ 
ference of the roller, so that by altering the length h by an adjust¬ 
ment on the instrument, the area can be read off in any required 
units. 

Any irregular area must be supposed to be built up of infinitesimal 
elements found in the same manner as PP^P^P^, and will be accu¬ 
rately measured by the roller when the point P completes a circuit 
of the perimeter, both joints being now free to turn simultaneously. 

If, however, the origin O is inside the area, the area of the zero- 
circle must be added to the reading of the roller. 

23. Forms of Polar Planimeters. — Polar i)lanimeters are made 
in two forms: i. With length of tracing arm PA, Fig. 10, fixed. 
2. With length of tracing arm PA adjustable so that /, Eq. (ij, may 
be varied. Since the area is in each case equal to the length of this 
arm multiplied by the lineal space R moved through by the record- 
wheel, we have in the firvSt case, since I is not adjustable, the result 
always in the same unit, as square inches or square centimeters. 
In this case it is customary to fix the circumference of the record- 
wheel and compute the arm I so as to give the desired units. 

For example, the circumference of the record-wheel is assumed 
as equal to 100 divisions, each one-fortieth of an inch, thus giving 
us a distance of 2.5 inches traversed in one revolution. The diameter 
corresponding to this circumference is 0.796 inch, which is equal 
to 2.025 centimeters. The distance from pivot to tr^icing-point 
can be taken any convenient distance: thus, if the diameter of the 
record-wheel is as above, and the length of the arm be taken as 
4 inches, the area described by a single revolution of the register- 
wheel will be 2.5 X 4 10.0 square inches. 

Since there were roo divisions in the wheel, the value of one of 
these would be in this case o.t s(}uarc inch. This would be sub¬ 
divided by the attached vernier into ten parts, giving as the least 
reading one one-hundredth of a square inch. By making the arm 
larger and the wheel smaller, readings giving the same units could 
be obtained. 

The formula expressing this reduction is as follows: Let d equal 
the value of one division on the record-wheel; let I equal the length 
of the arm from pivot to tracing-point; let A equal the area, which 
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must evidently be cither 1 , 10 , or ick> in order that the value of the 
readings in lineal measures on the record-whecl shall correspond 
with the results in square measures. Then by equation (i) we shall 
have, supposing 100 divisions, 


100 dl — A\ 


I - 


A 

lood 


(2) 

(3) 


If =• 10 square inches and d ^ inch. 



If -4 = 10 square inches and d = inch, 



The length of the arm from center to the pivot has no effect on 
the result unless the instrument makes a complete revolution around 
the fixed ])oint E, in which case the area of the zero-circle must be 
considered. It is evident, however, that this arm must be taken 
sufficiently long to permit free motion of the tracing-point around 
the area to be evaluated. 

The second class of instruments, shown in Fig. 4, is arranged so 
that the i)ivot can be moved to any desired position on the tracing- 
arm KF, or, in other words, the length can be changed to give 
readings in various units. The effect of such a change will be 
readily understood from the preceding discussion. 

24. The Mean Ordinate by the Polar Planimeter. — If we let p 
equal the length of the mean ordinate, and let L equal the length 
of the diagram, Fig. ti, then the area .4 -= Lp, but the area A IR 
[Eq. (i), p. 24]. Therefore Lp IR, from which 

I R. (4) 

In an instrument in which / is adjustable, it may be made the 
length of the area to be evaluated. Now if I be made equal L, 
p — R. That is, if the adjustable arm be made equal to the length 
of the diagram, the mean ordinate is equal to the reading of the record- 
wheel, to a scale to be determined. 
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The method of making the adjustable arm the length of the 
diagram is facilitated by placing a point U on the back of the 
planimeter at a convenient distance back of the tracing-point P 
and mounting a similar point V at the same distance back of the 
pivot C; then in all cases the distance VV will be equal to the length 
of the adjustable arm 1 . The instrument is readily set by loosening 
the set-screw S and sliding the frame carrying (he pivot and record- 
wheel until the points UV are at the respective ends of the diagram 
to be traced, as shown in Fig. ii. 



Fig. II. — Method of Setting the Planimeter for Finding the 
Mean Ordinate. 


In the absence of the points U and V the length of the diagram 
can be obtained by a pair of dividers, and the distance of the j>ivot 
C from the tracing-point F made equal to the length of the diagram. 

In this position, if the tracing-point be carried around the dia¬ 
gram, the reading will be the mean ordinate of the diagram ex¬ 
pressed in the same units as the subdivisions of the record-wheel; 
thus, if the subdivisions of this wheel are fortieths of one inch, the 
result w'ill be the length of the mean ordinate in fortieths. This 
distance, which we term the scale of the record-wheel, is not the 
distance between the marks on the graduated scale, but is the corre¬ 
sponding distance on the edge of the wheel which comes in con¬ 
tact with the paper. 

The scale of the record-wheel evidently corresponds to a linear 
distance, and it should be obtained by measurement or computa¬ 
tion. It is evidently equal to the number of divisions in the 
circumference divided by nd, in which d is the diameter, or it can 
be obtained by measuring a rectangular diagram with a length 
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equal to I, and a mean ordinate equal to one inch, in which case the 
reading of the record-wheel will give the number of ^divisions per 
inch. A diameter of 0.795 inch, which corresponds tb a radius of 
one centimeter, with a hundred subdivisions of the circumference, cor¬ 
responds almost exactly to a scale of forty subdivisions to the inch, 
and is the dimension usually adopted on foreign-made instruments. 

25. The Suspended Planimeter. — In the Amsler Suspended Pla- 
nimetcr, as shown in Fig. 12, pure rolling motion without slipping 



Fig. 12. — Suspended Planimexek. 

is assumed to take place. The motion of the record-wheel, not 
clearly shown in the figure, is produced by the rotation of the cylinder 
c in contact with the spherical segment K, The rotation of the 
segment is due to angular motion around the pole O, that of the 
cylinder c to its position with reference to the axis of the segment. 
This position depends on the angle that the tracing arm, ks^ makes 
with the radial arm, BB, the area in each case being, as with 
the polar jdanimeter, e(jual to the product of the length of the 
tracing arm from pivot to tracing point multiplied by a constant 
factor. 

26. The Coffin Planimeter and Averaging Instrument. — The 

instrument is shown in Fig. 13, from which it is seen that it consists 
of an arm supporting a record-wheel whose axis is parallel to the 
line joining the extremities of the arm. This instrument was 
invented by the late John Coffin, of Johnstown, in 1874. The 
record-wheel travels over a special surface; one end of the arm 
travels in a slide, the other end passes around the diagram. 

27, Theory of the Coffin Instrument. — This planimeter may be 
considered a special form of the Amsler, in which the point JP, see 
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IiG ij —Coffin A\fr\c.in(, Instrumfm 


Fig. 14, page 33, moves m a right line msteaci of swinging in an arc 
of a eirele, and the angle CPT is a lived right angle. The differ¬ 
ential equation for area therefore is 

dA -= IndO, (5) 

and the differential equation of the register becomes 

dli - ndd. (6) 

Hence, as in equation (r), 

A - IR, (7) 

That is, the area %s equal to the space registered by the record-wheel 
muUtphed by the length of the plammeter arm. 
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This instrument may be made to give a line equivalent to the 
mean ordinate (M. O.) by placing the diagram so that one edge 
is in line with the guide for the arm; starting at the farthest portion 
of the diagram, run the tracing-point around in the usual manner 
to the point of starting, after which run the tracing-point perpen¬ 
dicular to the base along a special guide provided for that purpose 
until the record-wheel reads as at the beginning. This latter 
distance is the mean ordinate. 



To prove, take as in Art. 24 the M. O. — />, the length of dia¬ 
gram L, the perpendicular distance — S. Then 

A - pL - JR. (8) 

Let C be the angle, EPTy that the arm makes with the guide, 
Fig. 14, In moving over a vertical line this angle will remain con¬ 
stant, and the record will be 

R =- 5 sin C. (9) 

For the position at the end of the diagram 
sin C — Z 


therefore 


R ^ SL L 
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Substituting this in equation (8), 

pL^lR^lSL SL. 

Hence p S, which was to be proved. 

From the above discussion it is evident that areas will be meas¬ 
ured accurately in all positions, but that to get the M. O. the base 
of the diagram must be placed perpendicular to the guide, and with 
one end in line of the guide produced. 

It is also to be noticed that the record-wheel may be placed in 
any position with reference to the arm, but that it must have its 
axis parallel to it, and that it registers only the perpendicular dis¬ 
tance moved by the arm. 

28. The Willis Planimeter. — This planimeter is of the same 
general type as the Amsler Polar, but in place of the record-wheel 
for recording-arm it employs a disk or sharp-edged wheel free to 
•slide on an axis perpendicular to the tracing-arm. The distance 
moved perpendicular to this arm is read on the graduated edge of 
a triangular scale which is supported in an ingenious manner, as 
shown in the accompanying figure. The planimeter-arm can be 
adjusted as in the Amsler Planimeter so as to read the M.E.P. 
direct. An adjustable pin, £, is employed for the purpose of set¬ 
ting off the length of the diagram. 



Fig. 15. — The Willis Planimeter. 


The mathematical demonstration is exactly as for the Amsler 
Planimeter, but in this case it is evident that the perpendicular 
distance which is registered on the scale is independent of the cir¬ 
cumference of the wheel. The only conditions of accuracy are, 
that the axis of the scale shall be at right angles to the arm of the 
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planimeter, and that its graduations shall be equal to the area to be 
measured divided by the length of the arm. 

29. The RoUer Planimeter. — This is the most accurate of the 
instruments for integrating plane areas, and is capable of measuring 
the area of a surface of indefinite length and of limited breadth. 
This instrument was designed by Herr Corradi of Zurich, and is 
manufactured in this country by Fauth & Company of Washing¬ 
ton, D. C. 



Fio. 16. — Roixer Plaitimeter. 


A view of the instrument is shown in Fig. 16. The features of 
this instrument are: first, the unit of the vernier is so small that 
surfaces of quite diminutive size may be determined with accuracy; 
secondly, the space that can be encompassed by one fixing of the 
instrument is very large; thirdly, the results need not be affected 
by the surface of the paper on which the diagram is drawn; and, 
fourthly, the arrangement of its working parts admits of its being 
kept in good order a long time. 

The frame B is supported by the shaft of the two rollers 
the surfaces of which are fluted. To the frame B are fitted the disk 
Ay and the axis of the tracing-arm F. The whole apparatus is 
moved in a straight line to any desired length upon the two rollers 
resting on the paper, while the tracing-point travels around the 
diagram to be integrated. Upon the shaft that forms the axis of 
the two rollers R^R^ a minutely divided miter-wheel R^ is fixed, 
which gears into a pinion R^ This pinion, being fixed upon the 
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same spindle as the disk causes the disk to revolve, and thereby 
actuates the entire recording apparatus. 

The measuring-roller E, resting upon the disk A, travels radially 
thereon in accord with the motion of the tracing-arm F, this measur¬ 
ing-roller being actuated by another arm fixed at right angles to the 
tracing-arm and moving freely between pivots. The axis of the 
measuring-roller is parallel to the tracing-arm F. The top end of 
the spindle upon which the disk A is fixed pivots on a radial steel 
bar CCj, fixed upon the frame B. 

30. Directions for Care and Use of Planimeters. — The revolv¬ 
ing parts should spin around easily but at the same time accurately, 
and the various arms should swing easily and show no lost motion. 
The pitch-line of the record-wheel should be as close as possible to 
the vernier, but yet must not touch it; the counting-wheel must 
work smoothly, but in no way interfere wnth the motion of the 
record-wheel. Oil occasionally with a few drops of watch or nut 
oil. Keep the rim of the record-wheel clean and Iree from rust. 
Wipe with a soft rag if it is touched with the fingers. 

Prepare a smooth lev^el surface, and cover it with heavy drawing- 
paper, for the record-wheel to move over. Stretch the diagram to 
be evaluated smooth. 

Handle the instrument with the greatest care, as the least injury 
may ruin it. Select a pole-point so that the instrument will in its 
initial position have the tracing-arm perpendicular either to the pole- 
arm or to the axis of the fluted rollers, as the case may be; for in this 
position only is the error neutralized which arises from the fact that 
the tracer is not returned to its exact starting-point. Then marking 
some starting-point, trace the outline of the area to be measured in 
the direction of the hands of a watch, slowly and carefully, noting the 
reading of the record-wheel at the instant of starting and stopping. 
It is generally more accurate to note the initial reading of the record- 
wheel than to try to set it at zero. 

Special Directions. —To obtain the mean ordii'ate with the polar 
planimeter, make the length of the adjustable arm equal :o the length 
of the diagram, as explained in Art 24, page 29, and follow directions 
for use as before. 

In using the Coffin planimeter^ the grooved metal plate is first 
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attached to the board upon which the apparatus is mounted, as 
shown in the cut, page 32, being held in place by a thumb*screw 
applied to the back side. 

The diagram will be held securely in place by the spring-clips adja¬ 
cent, A and C, Fig. 13. The area may be found by running the 
tracing-point around the diagram, as described for the polar plani- 
meter, for any position within the limits of the arm. The mean 
ordinate may be found by locating the diagram as shown in the cut, 
with one extreme point in the line of the metal groove produced, 
and the dimensions representing the length of the diagram perpen¬ 
dicular to this groove. Start to trace the area at the point of the dia¬ 
gram farthest from the metal groove produced, as shown in Fig. 13; 
pass around in the direction of the motion of the hands of a watch 
to the point of beginning; then carry the tracing-point along the 
straight-edge, AK, which is i)arallel to the metal groove, until the 
record-wheel shows the same reading as at the instant of starting: 
this vertical distance is the length of the mean ordinate. 

31. Calibration of the Planimeter.—In order to ascertain whether 
the instrument is accurate and graduated correctly, it is necessary 
to resort to actual tests to determine the character and amount of 
error. 

It is necessary to ascertain: i. Whether the axis of record-wheel 
is parallel to axis of tracing-arm. 2. Whether the position of the 
tracing-arm vernier is correct, and agrees with the constants tabu¬ 
lated or marked on the tracing-arm. 

These tests are all made by comparing the readings of the instru¬ 
ment with a definite and known area. To obtain a definite area, a 
small brass or German-silver rule, shown at L, Fig. 17, is used; this 
rule has a small needle-point near one end, and a series of small holes 
at exact distances of one inch or one centimeter from one another, 
starting at unit distance from the needle-point. To use the rule the 
needle-point is fixed on a smooth surface covered with paper, the 
planimeter is set with its tracing-point in one of the holes of the rule, 
and the pole-point fixed as required for actual use. With the tracing- 
point in the rule describe a circle, as shown by the dotted lines 
(Fig. 17), around the needle-point as a centre. Since the radius of 
this circle is known, its area is known; and as the tracing-point of the 
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planimeter is guided in the circumference, the reading of the record- 
wheel should give the correct area. 

The method of testing is illustrated in Figs. 17, 18, 19, and 20. 
Figs. 17 and 19 show the method with reference to the polar plani¬ 
meter; Figs. 18 and 20 show the corresponding methods of testing 
the rolling planimeter. In Figs. 17 a^td 19, P is the jjosition of the 
pole, B the pole-arm, and A the tracing-arm. In Figs. 18 and 20, B 
is the axis of the rollers and A is the tracing-arm. 



Fig. 17. Pio. 18. 


First Test. This operation, see Figs. 17 and 18, consists in 
locating the planimeters as shown, and then slowly and carefully 
revolving so as to swing the check-rule as shown by the arrow. 
Take readings of the vernier at initial point, and again on returning 
to the starting-pfunt: the difference of these readings should give the 
area. Repeat this operation several times. 



Fio. 19. Fig. 20. 


The instrument is now placed in the position shown in Figs. 19 
and 20 when the circle appears on the right-hzxid side of the tracing- 
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arm and the passage of the tracer takes place in exactly the same 
way. 

If the results obtained right and left of the tracing-arm be equal 
to one another, it is clear that the axis ab of the measuring-wheel is 
parallel to the tracing-arm, and, this being so, the second test may 
now be applied. But if the result be grecUer in the first case, that is 
to say, when the circle lies to the left of the tracing-arm, the extremity 
a of the axis of the measuring-wheel must be farther removed from 
the tracing-arm; if it be less, that extremity must be brought nearer 
to the tracing-arm. 

Second Test. The tracing-arm is adjusted by means of the ver¬ 
nier on the guide and by means of the micrometer-screw, in accord¬ 
ance with the formulae for different areas; it then is fixed within the 
guide by means of the binding-screw. The circumferences of circles 
of various sizes are then traveled over with the check-rule, and the 
results thus obtained are multiplied into the unit of the vernier 
corresponding to the area given for that particular adjustment by 
the formula. The figures thus obtained ought to be equal to the 
calculated area of the circles included by the circumferences. If the 
results obtained with the idanimeter fall short of the calculated areas 
1 

to the extent of ~ of those areas, the length of the tracing-arm, that is 
n 

to say, the distance between the tracer and the fulcrum of the tracing- 

arm,must be reduced to the extent of - of that length; in the opposite 

n 

case it must be increase<i in the same proportion. The vernier on 
the guide-piece of the tracing-arm shows the length thus defined with 
sufficient accuracy, usually in half-millimeters, or about fiftieths of an 
inch, on the gauged portion of the arm. 

In order to test the accuracy of the readings according to the two 
methods just described, some prefer the use of a check-plate in lieu 
of the check-rule. The check-plate is a circular brass disk upon 
which are engraved circles with known radii. 

It is advisable to apply the second test also to a large diagram 
drawn on paper and having a known area. 

The instrument having been found correct or its errors determined, 
it may now be used with confidence. 
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The following form is used to record the results of the test: 


f 

r 
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DEPARTMENT OF EXPERIMENTAL ENGINEERING, 
SIBLEY COLLEGE. 

Calibration of . .Planimeter. 

Length of Tracing Arm I ^ . Ithaca, N. Y.,.19. 

Diameter of Register Wheel d ^ . . . By. 

% Error from Calibration.. . 

% Error from Itrd . 


PARALLELISM. (FirM Test.) 
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32. Errors of Different Planimeters. — Professor Lorber, of the 
Royal Mining Academy of Loeben, in Austria, made extensive 
experiments on various planimeters, with the results shown in the 
following table: 
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The absolute amount of error increases much less than the size of*^ 

• * %J(L * 

the area to be measured, and with the ordinary polar planiractcr is^ 
nearly a constant amount. ^ 

The following table is deduced from the foregoing, and shows theQ 
error per single revolution in square inches: 
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These errors were expressed in the form of equations, as follows, 
by Professor Lorber. Let / equal the area corresponding to one 
complete revolution of the record-wheel; let dF be the error in area 
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due to use of the planimeter. Then for the different planimeters we 
have the following equations: 

Lineal planimeter, dF — 0.00081/ + 0.00087 \/Ff] 

Polar planimeter, dF = 0.00126/ + 0.00022 VFf-, 

Precision polar planimeter, dF = 0.00069/ + 0.00018 V//; 

Suspended planimeter, dF = 0.0006/ + 0.00026 V//; 

Rolling planimeter, dF — o.oooc)/ + 0.0006 sfpf. 

33. Special Planimeters. — These, much more complicated than 
those described, have been made for special purposes. Among these 
we may mention Amsler’s mechanical integrator for finding the 
moment of inertia, and Corradi’s mechanical integraph for draw¬ 
ing the derivative of any curve, the principal curve being known, 
thus giving a graphic representation of moment. 



Fig. ai.— Vkkniek Calipek. 


34. Vernier Caliper. — This instrument consists of a sliding-jaw, 
which carries a vernier, and may be moved over a fixed scale. The 
formshown inFig. 21 gives readings to ^ inchon the limb, and 9*5 this 
amount or to one-thousandth of an inch on the vernier. The reading 
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of the vernier as it is shown in the figure is 1.650 on the limb and 
0.002 on the vernier, making the total reading 1.652 inches. This 
instrument is useful for accurate measurements of great variety; the 
special form shown in the cut has a heavy base, so that it vull stand 
in a vertical position and may be used as a height-gauge. To use it 
as a caliper, the specimen to be measured is placed between the 
sliding-jaw and the base; the reading of the vernier will give the 
required diameter. 

35. The Micrometer. —This instrument is used to determine 
dimensions when great accuracy is desired. It consists of a finely 
cut screw, one revolution of which will advance the point an amount 
equal to the pitch of the screw. The screw is provided with a gradu¬ 
ated head, so that it can be turned a very small and definite portion 
of a revolution. Thus a screw with forty threads to the inch 
will advance for one complete revolution 4^, of an inch, or 25 
thousandths. If this be provided with a head subdivided to 
250 parts, the point would be advanced one ten-thousandth of 
an inch by the motion sufficient to carry the head past one 
subdivision. 

The micrometer is often used in connection with a microscope 
having cross-hairs, and in such a case represents the most accurate 
instrument known for obtaining the value of minute subdivisions; it 
is also often used in connection with the vernier. The value of the 
least reading is determined by ascertaining the advance due to one 
complete revolution and dividing by the number of subdivisions. 
The total advance of the screw is equal to the advance for one revolu¬ 
tion multiplied by the number of revolutions plus the number of sub¬ 
divisions multiplied by the corresponding advance for each. 

The accuracy of the micrometer depends entirely on the accuracy 
of the screw which is used. 

Accuracy of Micrometer-screws, — The accuracy attained in cutting 
screws is discussed at length by Professor Rogers in Vol. V. of 
‘‘ Transactions of American Society of Mechanical Engineers,^* from 
which it is seen that while no screw is perfectly accurate, still great 
accuracy is attained. The following errors are those in one of the 
best screws in the United States, expressed in hundred-thousandths 
of an inch, for each half-inch space, reckoned from one end. 
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CORNELL UNIVERSITY SCREW. 
Total Errors in Hundred-thousandths of an Inch. 
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An invesligalion made by the author on the errors in the ordinary 
Brown and Sharpe micromcter-scrcw failed to detect any errors 
except those of observation, which were found to be about 4 hundred- 
thousandths of an inch for a distance cfjual to three-fourths its length. 
The errors in the remaining portion of the screw were greater, the 
total error in the whole screw being 12 hundred-thousandths of an 
inch. As the least reading was one ten-thousandth, the screw was 
in error but slightly in excess of the value of its least subdivision. In 
another screw of the same make the error was three times that of the 
one described. 

36. The Micrometer Caliper consists of a micrometer-screw shown 
in Fig* 22, which may be rotated through a fixed nut. To the screw 
is attached an external part or thimble, which has a graduated edge 
subdivided into 25 parts. The fixed nut is prolonged and carries a 
cylinder, termed the barrel, on which arc cut concentric circles, cor¬ 
responding to a scale of equal parts, and a series of parallel lines, 
which form a vernier with reference to the scale on the thimble, the 
least reading of which is one-tenth that on the thimble. If the screw 
be cut 40 threads per inch, one revolution will advance the point 
0.025 inch; and if the thimble carry 25 subdivisions, the least read¬ 
ing past any fixed mark on the barrel would be one-thousandth of an 
inch. 

By means of the vernier the advance of the point can be read to 
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ten-thousandths of an inch. Thus in the sketches of the barrel and 
thimble scales in Fie. 22 the zero of the vernier coincides in the upper 
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Thimblo 


} rt, 22 —Mkromiuk CxiIPhR 

sketch with No. 7 on the thimble; but in the lower figure the zero 
of the vernier has jiasserl beyond 7, and by looking on the \ernier we 
see that the 4th mark coincides with one on the thimble, so that the 
total reading is 0.007 t- 0.000wliich C((uals 0.0073 

This numl)cr must lie added to the scale reading cut on the barrel 
to show the comjilete leading. The |)rinci[)al use of the instrument 
is for measuring external diameters less than the travel of the mi¬ 
crometer screws usually less 
than 2 inches in this tyfie. 

1 he Sweet Measuring- 
machine ,— The Swx'ct meas¬ 
uring-machine is a l}pe of 
micrometer caliper arranged 
for measuring larger diam¬ 
eters than the one previously 
described. The general form 
of the instrument is shown 
in Fig. 23. The micrometer- 
screw has a limited range of 
motion, but the instrument 
spindle, which is set at each observation for distances in even 



Pig. 2 v — Sweet’s Measuring-Machine. 
is furnished wdth an adjustable tail 
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inches, and the micrometer-screw is used only to measure the 
fractional or decimal parts of an inch. The instrument is furnished 
with an external scale, graduated on the upper edge to read in binary 
fractions of an inch and on the lower edge to read in decimals of an 
inch; this scale can be set at a slight angle with the axis to correct 
for any error in the pitch of the micrometer-screw. The graduated 



Fig. 24. 


disk is doubly graduated, the right-hand graduations corresponding 
to those on the lower side of the scale. The scale and graduated 
disk are shown in Fig. 24, and the readings corresponding to the posi- 



Fig. 25. 


jErom the ten-thread screw. In 
in Fig. 25 is seen. 


tions shown in the figure are 0.6822, 
the last number being estimated. 

The back or upper side of the 
scale, and the left-hand disk, are 
for binary fractions, the figures 
indicating 32ds, Fig. 25 shows 
the arrangement of the figures. 
Beginning at o and following the 
line of cords to the right, the 
numbers are in regular order, every 
fifth one being counted, and coming 
back to o after five circuits. This 
is done to eliminate the factor five 
Fig. 24 the portion to the left of o 
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The back side of the index-bar is divided only to i6ths, the odd 
32ds being easily estimated, as this scale is simply used for a ‘‘ finder,’’ 


thus: In the figure the 
reading line is very near 
the mark, or six 32ds 
beyond the half-inch. 
This shows that 6 is the 
significant figure upon this 
thread of the screw. The 
other figures belong to 
other threads. The fig¬ 
ure 6 is brought to view 
when the reading line 
comes near this division 
of the scale. Bring the 6 
to the front edge of the 
index-bar, and the meas¬ 
urement is exactly \l 
without any calculation. 
Thus every 32d may be 
read, and for 64ths and 
other binary fracti^ms take 
the nearest 320 b *ow and 
set by the intermediate 
divisions, always remem¬ 
bering that it requires five 
spaces to count one, 

37. The Cathetometer. 
— This instrument is used 
extensively to measure 
differences of levels and 
changes from a horizontal 
line. Primarily it consists 
of one or more telescopes 



sliding over a vertical scale, with means for clamping the telescope 


in various positions and of reading minute distances. The one 


shown in the engraving (Fig. 26) consists of a solid brass tripod or 
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base supporting a standard of the same metal, the cross-section 
of which is shown at different points by the small figures on the 
left. A sliding-carriage, upon which is secured the small level¬ 
ing instrument and which has also a vernier scale as shown, 
is balanced by heavy lead weights, suspended within the brass 
tubes on either side by cords attached to the upper end of the 
carriage, and passing over the pulleys shown at the top of the 
column. The column is made vertical by reference to the attached 
plumb-line. 

The movable clamping-piece below the carriage is fixed at any 
point required, by the screw shown at its side, after which the tele¬ 
scope can be raised or lowered by rotating the micrometer-screw 
attac'hed to the clamp. The telcscojie is provided with cross-hairs, 
which can be adjusted by reversing in the wyes and turning i8o 
degrees in azimuth. The vertical scale is provided with vernier and 
reading-microscope. 

38. Aids to Computation may be of three kinds: grajihical, tabu¬ 
lar. or mechanical. 

Graphical methods for multiplying and dividing are usually given 
in treatises on geometry and are often sufficiently accurate for engi¬ 
neering purposes. 

Tabular aids are of two kinds: arithmetic, sucli as product, quo¬ 
tient and reciprocal tables, and logarithmic. The Rechentafeln of 
A. L. Crelle gi\'e one million products and will be found of much 
value in multiplication and division. There are a number of good 
logarithmic tables, the standard being those of Vega, but any good 
four or live place table is sufficient for engineering work. As com¬ 
pared with graphical metliods, the use of tables usually gives more 
accurate results with a smaller expenditure of time. 

Mechanical aids may be either computing mjii.chines or slide-rules. 
Several very excellent machines for multiplyiiig and dividing which 
give accurate results to from 14 to 17 placAs are now^ made. Of 
these we may mention the calculating machme of George B, Grant 
of Boston; the Brunsvega of Grimmc-Natfl^s & Co., Brunswick, 
Germany; the Comptometer, made by the Comptometer Co. of 
Chicago; and the adding machine made by thm Burroughs Adding 
Machine Co., Detroit, Mich. Slide-rules of coni|)act form but with 
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scales 40 feel in length, as designed by Thatcher or Fuller, can also 
be obtained of the principal stationers. 

The processes of arithmetical calculation are almost entirely 
mechanical and involve no reasoning iK)wers, yet they are of utmost 
im])ortance in connection with experimental work. Unless the obser¬ 
vations of the exj)eriment are correctly recorded and the necessary 
calculations for expressing the result made accurately, the experi¬ 
mental work will either be of no value, or, what is worse, positively 
misleading. For these reasons mechanical methods of computation, 
which involve at best small errors of known magnitude, arc to be 
adopted whenever possible in reducing engineering experiments. 

The calculating machine is of special value, since if the mechanical 
processes are correc tly performed the results will be given with accu¬ 
racy for the number of j)laces within limits of the machine. Numer¬ 
ous calculating machines have been designed, the most noted of 
which is the ‘‘difference engine designed by Babbage in 1822 and 
on which tlie English (Government expended more than $85,000 
without bringing it to perfection. The first practical machine which 
accomplished anything worthy of j)ermanent record was invented by 
Thomas de Colmar in 1850, and since that time numerous others, 
designed on similar lines, have appeared, of which should be men¬ 
tioned those invented by Tate, Burkhardt, Grant, Baldwin, and 
Odhner. The (Grant machine, developed from i<S74 to iS() 6 , had 
reached a high degree of perfection, but is no longer sold. The 
Odhner or Brunsvega, referred to above, was shown at the World’s 
Fair in T8g3, and dilTers from the Grant principally in the arrange¬ 
ment of parts, and in the fact that, as now sold, it possesses an 
index or counter to register the multiplier during the process of 
multiplication. 

In the Brunsvega the result is read on a series of wheels arranged 
on the same axis and so connected that ten revolutions of one of 
lower denomination are required for one of the next higher, etc., these 
wheels being readily and simultaneously set at zero. Scries of 
digits from 1 to 9 arc engraved in vertical parallel columns on a 
keyboard. By setting a lever opposite any number and turning a 
crank once, the number will appear on the result-wheels; by turning 
the crank twice, the result-wheels will show twice the number, etc. 
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The shaft carrying the result-wheels can be shifted several places, so 
that it is possible to multiply by numbers of any denomination with 
less than ten revolutions of the crank. Subtraction is performed by 
starting with the larger number on the result-wheels and the smaller 
number on the keyboard and revolving the crank in the opposite 
direction from that required for addition. Dividing is done as a sort 
of continued subtraction, and is a more complicated operation. The 
machine is readily worked as a difference engine, thus permitting its 
use for computing complicated tables. 

A trial made in the U. S. Coast Survey of the relative rapidity and 
accuracy of the Grant calculating machine and a seven-place table 
of logarithms, in multiplying seven figures by seven figures and 
retaining seven figures in the result, showed the average time of 
multiplication with the machine as 56 seconds, and with logarithms 
157 seconds; the number of errors in 100 trials, with the machine 7, 
with logarithms 12. A trial made at Sibley College showed more 
favorable for the machine, probably because the observers were not 
so expert with logarithms. 



CHAPTER III. 


STRENGTH OF MATERIAL.— GENERAL FORMULAE. 

In this chapter a statement is made of the principal definitions and 
formulae required for the experimental work in ** Strength of Mate* 
rials.^’ The full demonstration of the formulae and discussion of 
Strength of Materials ’’ is to be found in Mechanics of Engineer¬ 
ing/’ by I. P. Church, or by Mansfield Merriman; ‘‘Strength of 
Materials/’ by D. V. Wood; “Materials of Construction/’ by R. H. 
Thurston; “Materials of Construction,” by J. B. Johnson; “The 
Testing of Materials of Construction/’ by Unwin; “Materialien- 
kunde fiir den Maschinenbau/’ by A. Martens. 

The object of experiments in “ Strength of Materials ” is to 
ascertain the resistance of different materials to stresses of various 
character; to find the characteristics distinguishing the different 
qualities, /.c., the good from the bad; to obtain experimental proof 
of laws deduced theoretically; and to discover the general laws of 
variation of properties as dependent on form, kind, and quality of 
material. 

The more general tests may be classified under the heads of: 
(i) tension; (2) compression; (3) transverse loading; (4) direct 
shear; (5) torsion; (6) impact; (7) repeated loading and unloading, 
or fatigue testing. 

39. Definitions. “ ~ Stress is the force ajiplicd to a material. Stress^ 
used in the sense of stress intensity^ means force i>er unit area, or in 
English units, pounds per square inch. Stresses are fundamentally 
of two kinds: normal stress, conceived of as acting perpendicular 
to an imagined exposed section of the material; and tangential or 
shearing stress, acting parallel to an exposed section. 

Deformation is the distoidion or change of shape of a material 
which accompanies the action of a stress. Deformation is mainly 
elongation or compression, if the stress is normal; or is angular, if the 
stress is a shear. (See Figs. 27 and 28.) With normal stress, unit 
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deformation is measured in inches change of length per inch of 
original length, or in percentage of the original length. With shear 
stress angular deformation is measured in n (radian) measure. 



I^iG. ray.—N ormal Stress Fig. 28. — Shear Stress Angular 

J\ LO NC; ATION* 1 > E FO R M ATIO N . 

Up to a certain point, called the elastic limits stress and deformation 
are proportional to each other. If stressed within the limit, once or 
many times, the recovery to original size and shape is perfect when 
the load is taken off. If the stress exceeds the elastic limit the 
material experiences a permanent change of shape and no longer 
returns entirely to its original dimensions when the stress is removed. 
Such permanent deformation is called a set. 

Many materials can be stressed far beyond the elastic limit, under¬ 
going during this stressing a considerable perma )ent deformation. 
Such materials are called ductile. The ultimale strength of a 
material is the maximum load the piece carries before breaking, 
divided by the original area. The elastic limit strength is similarly 
found from the load at the elastic limit. The ductility, for tension 
loading, is the permanent set at the breaking load expressed as a 
percentage of the original length. The reduction of area is the per¬ 
centage difference between initial and final areas of section of the 
tension test piece, computed on the initial area. 

There are two important secondary quantities depending on both 
stress and deformation. The modulus of elasticity measures the stiff¬ 
ness of a material; it is equal to the ratio of sP to corresponding 
deformation, in unit quantities, under conditions of elastic loading. 
The resilience measures the work which the material can absorb in 
being stressed to a certain value. So long as the loading is elastic, 
the resilience of a piece is the half product of load and deformation 
of the piece. The modulus of resilience of the material is the work 
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done upon unit volume (one cubic inch) in stressing to the clastic 
limit; it is the half product of elastic limit strength by corresponding 
unit deformation. 

Working loads must always be within the elastic limit. The ratio 
of ultimate strength to working stress is called the factor of safety. It 
measures the safety of a structure against rupture. The ratio of 
elastic limit strength to working stress measures the safety for con¬ 
tinued operation of the structure. 

40. Stress-deformation Diagrams are curves showing the relations 
between stress and deformation as load is ap[)lied to a piece of 
material. These diagrams show by inspection the general nature 
of a material. I’he diagrams are plotted with deformations as 
abscissae and stresses as ordinates. The general form of the 
diagram for certain tyjiical materials is shown in Figs. 29 to 31. 



Fig. 29. 


i4, Fig. 29, marks the elastic limit found only in worked materials; 
J?, Figs. 29 and 30, is the yield pointy where the material suddenly 
begins to take large permanent set; C is the maximum and D the 
breaking load. The modulus of elasticity is the slope of the elastic 
line OAj Fig. 29. The modulus of resilience is represented by the 





54 


EXPERIMENTAL ENGINEERING 


area bounded by the axis of abscissas, the elastic line OA, and a per¬ 
pendicular dropped from A to the axis of abscissas. In commercial 
practice, jB, the yield point, is taken as the practical elastic limit in the 



tlG 30. 



Deformation (elongation), inches pox inch 
Fio. 31, 

case of ductile materials; for brittle materials, as cast iron, either the 
breaking point, C~D (Fig. 31), or .some arbitrarily chosen point on 
the curved load line, is taken as the working elastic limit. 
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41. Notation. —The notation used is similar to that of Church’s 
“ Mechanics,” and is as follows: 




Symlwl. 


Ouantity. 





General 

Elastic limit 

Maximum. 

l^oad applied.. . 

P 

P* 1 

Pm 

Stress intensity... 

P ’ 

p; 

pm 

Total elongation or compi-ession. 

A 1 

A' ! 

Am 

Increment of elongation. 

A^. 

. . 

.. 

Relative elongation .. 

& 

e' 

Sm 

Bending or twisting nioment. 

M 

M' 

Mm, 

Total angle of torsion. 

a 

a' 

Otm 

Relative shear distortion. 

d 

d' 

dm 

Vertical shear, total. 

J or .S' 

r 

Jm 

Shear intensity. 

s 

s* 

Sm 


Tension. 

j Con j press ion 

Shear 

Modulus of elasticity. 

Et 

' Ec 


Modulus of resilience. 

Vt 

Ic 

Ih 


Area of section, square inches. F 

Original length, inches. I 

Breadth of aet'tion, inches. b 

Height of section, inches. h 

Diameter of a circular section, inches. d 

Radius of a circular section, inches. r 

Rectangular moment of inertia, about gravity axis of section. I 

Polar moment of inertia, about gravity center of section./p 

Maximum fibre distance.« 


42. Formulae for Tension Loading. — Since in a properly con¬ 
structed tension test-piece the stress is uniformly distributed, we 
have 




s = 


P 

y 

r 


(1) 

(2) 


Et 




(3) 


so long as the loading remains elastic; 




Eu 


(4) 
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43. Formulee for Compression Loading. —For short columns, or 
those pieces which fail by crushing down without bending, the for¬ 
mulae are the same as for tension; 


F’ 


( 5 ) 




(6) 

V 

■tLf, ~ - — j 

e FX 


( 7 ) 

u.^i-p's'^lip'r-^ 

E,. 

(8) 

For long columns, which fail because of the occurrence 

of bending. 

the formulas in common use are four: 



The Rankine or Gordon; 



P,n= Fpm^ + m/— 


( 9 ) 

The Ritter or Merriman: 





(10) 

The Johnson: 


(II) 

The Euler: 



mP P 


(12) 


m 




In these formulae P', Pm, P', pm have the meanings given in 
Art. 41, p' and pm referring here to the results of short column tests 
of the material; /? is a constant characteristic of the material; k is the 


radius of gyration of the cross-section of the column 



w is a 


factor of end condition, having the numerical value i for “square- 
ended ” columns, for one “square end ” and one “round end,” 
and 4 for a “round-ended” column. “Square ends” are those 
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which are rigidly held in line at the point of support; “round ends ” 
are free to hinge at the supports. 

It will be seen that formula? (9) and (10) are convertible in form 
P' 

by making /? - -; but (ii) cannot possibly be converted into 

4 


(9) or (10), and, given the same values of f, E, I and k, (ii) will 
give a lower value of P' than (10), The Euler formula, while 
mathematically and experimentally true for very long columns, is 


useless for any actual case, for it gives too high values of Pm if - is 

k 


less than 150 to 200. The M -rman formula is valid over the 
/ 

widest range of - values, beginning with short columns and becom- 
k 


ing tangent to the Euler at infinity. 

Suitable design values of and ^ in the Rankine formula are as 
follows: 


Material 

Pm 


Cast iron 

80,000 

n- 6,400 

Wrought iron 

36,000 

1-7-36,000 

Miid steel.. . 

50,000 

I- 5 -50,000 

Timbei (oak or similar) 

7,;oo 

i 1 - 3,000 


44. Transverse Loading. — In pure transverse loading all the ex¬ 
ternal forces applied are perpendicular to the principal dimension 
— the length — of the material used. As a result of this loading 
the beam becomes curved. Layers of material jiarallel to the length 
of the beam are then distorted, those on the concav'e side of the beam 
being shortened and th sc on the convex side lengthened. The 
amount of this distortion or deformation is projxirtional to the dis¬ 
tance of a layer from the instantaneous center of curvature, and 
hence varies in a straight-line law with distance from one curved 
surface of the beam to the other (Fig. 32). Consequent on this 
deformation are set up internal tension and compression forces in the 
direction of the length of the beam. Because there is no external 
force in the direction of the length, the internal tension and compres- 
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sion forces must balance each other. The only possible distribution 
of elastic stresses which satisfies the two conditions of (i) linear 
variation of intensity in passage from one curved 


9 

Oenf^rof 

I \ 

1 M 
I \ 

/ I 



Convex Surla<je 


surface to the other, and (2) zero resultant in 
the direction of the length, is shown in Fig. 33. 
Both stress and deformation are zero at o, which 
can be shown to be the gravity axis of the 
cross-section. A surface through 0 and parallel 
to the tw^o curved surfaces of the beam is called 
the neutral surface, and its intersection with a 
cross-section is the neutral axis of the section. 
The curve assumed by the neutral surface due 
to the forces acting is called the elastic curiae. 

The internal stresses (Fig. 33) have a moment 
about o which balances the moment of external 
forces about the same point. Writing p for 
the stress in either outer fiber, e for the distance 
from neutral axis to outer fiber, I for the rec¬ 
tangular moment of inertia of the cross-section 


Fig. 32. 


about the neutral axis, the moment M = 


e 


The moment M of external forces about any section is found by 
considering one or the other end of the 
beam from that section as a free body. 

M usually varies from point to point of 
a beam, and as the cross-section dimen¬ 
sions of the beam are usually constant, 
the only section at which p need be 
investigated is that corresponding to the 
maximum value of K. 



Corresponding to the value of p in outer fiber we need a value of £, 
the deformation. For this we measure the deflection of the beam at 
that same point of maximum moment at which we compute p. Text¬ 
books on ‘‘Mechanics’^ (see tables below) give values of E in terms 
of the deflection A and load and dimensions of the beam. Using then 


the relation s 


P 

E' 


the unit deformation s is readily computed. 
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By plotting the unit quantities p and e against each other, the curve 
of the transverse test is the same as that of tension and compression 
tests, up to the elastic limit. Beyond that point the formulae are no 
longer valid. It has been customary, however, to continue to use 
the elastic formulae up to the failure of the beam. To distinguish 
the fictitious values of stress p so computed from a real stress in the 
material, a special name is given to the value of p at rupture —it is 
called the modulus of rupture. The modulus of rupture is useful in 
the comparison of one material with another. 

In addition to the tension and compression stresses, transverse 
loading sets up in a beam a system of primary shears. These are 
called the horizontal and veriual shears. The horizontal shear 
occurs in surfaces })arallel to the neutral surface; Xhi: vertical shear 
in planes perpendicular to the neutral surface. At any given point 
of a section the intensities of horizontal and vertical shear are 
identical. The shears are of zero intensity at either outer surface of 
the beam and of maximum intensity at the neutral surface. The 
variation of shear intensity across the section is i)arabolic if the sec¬ 
tion does not change in width. The total vertual slu^ar at any section 
is the resultant of external forces perpendicular to the beam on one or 
the other side of that seel ion. The intensity of primary vertical or 
horizontal shear stress at the neutral axis is 

j area above ) tire distance of the center 
qni » — X “ (or below) \ X of gravity of that area 
neutral axis from the neutral axis. 

V ' ' 

J — total vertical shear, 

width of beam at the neutral axis, 

/ r=-_- rectangular moment of inertia. 


For a rectangular cross-section this becomes 


q[m 


7 

2 hh 


or the intensity is fifty per cent greater than if the shear were uni¬ 
formly distributed over the cross-section. Tt is only in the case of 
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/•beams or similar shapes that the primary shears have sufficient 
intensity to be a possible cause of failure of the beam. 

The following tables will be useful in working up tests: 


TABLE I. 


Section 

Rectungular Mo¬ 
ment of Inertia /. 

Maximum Fiber 
Distance f. 

Rectangle, width depth h . 

l'* WH 

\h 

Hollow rectangle. 


1 

Circle. 

'r* 

4 

r 

Square with side h vertical, . 

I’a 

ft 

2 

ft 

Square with side ft at 45®. 


~v 2 

2 


TABLE ir. 


Beam and Loading. 

I 

<A 

^ , 
c C 

II 
s| 

S 

Mm 

c 

2 . 
s i 

CD 4^ 

<^1 

. ^3 

X c 
oj fi 

d 

^ Max Total Shear 
and Position 

Formula for Unit 
Stres /• under 

Max Moment. 

Formula for Unit 
Deformation £ 
Corresponding to p. 

Cantilever-beams 
fixed at one 
end. 

Loaded at ex¬ 
treme end with 
PIbs. 

2. Uniform load 
of intensity 

1. 

PI at fixed 
end. 

PP 

free end. 

WP 

VEi 

free end. 

P anywhere. 

(7)- 

('V) ^ 

— at fixed 

2 

end. 

IF at fixed 
end. 

(."J" 


Beams supported 
at both ends. 

3. Single load P 
in center. 

PI 

— at center. 

4 

pp 

48 El 
center. 

Zero at cen¬ 
ter, else- 
whertj 

P-f 2 . 

(u)- 

(r)'^ 

4. Uniform load 
of intensity 

Wl 

8 

at center 

5 . 

384 El 
center. 

W 

2 

at ends. 








STRENGTH OF MATERIALS 


6l 


45. Formulae for Direct Shear. — This stress acts across a piece, 
without an arm, and tends to produce a square break. It is sensibly 
uniform over the section, so that 


S==s . F, 


(13) 


where S = total shear, s = intensity of stress, and F area, of 
section acted on. This stress produces in an element of material 
an angular distortion which is measured in r measure (see Art. 39 
and Fig. 28), and is denoted by <?, The modulus of shear elasticity 
or modulus of rigidity 



(14) 


The modulus of resilience 

U„ = I s’f^ 



(IS) 


The ultimate shear strength Sm can be obtained by direct experi¬ 
ments, using the s})ecimcn in the form of pins or rivets holding links 
together, the links being held and pulled in a tension-testing machine. 
A plate can be tested by forcing a [mnch through, measuring the 
compression load on the punch. The elastic strength and the angu¬ 
lar deformation cannot lie measured in the direct testing, but may 
be accurately determined by tests in torsion, as described below. 
Direct shear tests must be very carefully conducted, making sure 
that no arm is given to the load, in order to be satisfactory. 

46. Formulas for Torsion. — I'he stress produced by torsion is 
primarily a shear stress on the elements of the material. The torque, 
or twisting moment (measured in inch-pounds), is applied in planes 
at right angles to the length of the specimen. The outer fibers 
of the specimen are twisted into helices, each making an angle 
with its initial position equal to the angular deformation b. Any 
section of the specimen, distant I from the fixed end, is turned 
in its own plane through an angle a. This angle a is the external 
deformation which is measured in testing. From the arc which, 
in Fig. 34, is common to a. and b, we have arc = ea = I tan S. 
Since e and I do not change more than % up to break, tan 5 = 
e 

j • a may be used throughout the test. If we consider the piece 
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twisted through a certain value of the above equation shows that 
d varies with e; that is, d is zero at the center of the section, and 

increases in direct proportion to 
distance from the center. Within 
the elastic limit, stress and de¬ 
formation are proportional to 
each other. Hence, until the 
elastic limit is passed, the shear 
stress is zero at the center and 
increases in direct proportion to distance from the center to the 
maximum in the outer surface of the piece. This variation of 
stress is similar to that in transverse loading, and leads to a similar 
formula between moment and stress intensity in outer fiber, viz.: 






(i6) 


TT 

For a solid circular section r and Ip so that 

o 



where 


d — diameter of specimen. 


Us 


«h s',y 



2 

) 




- alone an clastic line. 
<5 


The resilience of the test-piece is | M'a'. 


( 17 ) 


(18) 

(19) 

( 20 ) 


As in transverse loading, these formulae are derived for elastic 
loading and are not valid when the elastic limit is passed. Beyond the 

Me 

elastic limit the values of s computed from —■ are higher than the 


actual values of i in outer fiber of the test-piece. It is customary, 
however, to continue the computation by the elastic formulae up to 
the break. The value of so computed is fictitious, and under the 
name of modulus of rupture in torsion loading is used in comparison 
of materials. 
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47. Secondary Stresses^ —In the preceding sections the stresses 
described have been those which are directly produced by the 
loadings, 7.(j., what maybe called primary stresses. 

Of equal importance to or of greater importance 
than these primary stresses in determining the 
yield and failure of materials (but not their elastic 
action) arc the secondary stresses. 

In Fig. 35 is represented a body in tension. The 

. P 

intensity of the primary stress is -, P being 

F 

the total end force and F the area of the normal 
section. If any other section than the normal be 
investigated, as Fo at an angle 0 with the normal, 
it will be found to carry a tension P' and a shear 
5 , so related that the resultant of P' and 5 is P. 

P' is less than P (equals P cos 0 ) and P,, is greater 
than F (eciuals F > cos 0 ), so that the tension stress 
perpendicular to P^, is much less than the stress 
p 

p = -on the normal [)lane. But the shear stress, 

P Fig. ,^5. 


r 



s - -sin 0 cos 0 ^ p sin 0 cos 0 , (21) 

F^ P-T-cob^/ P 

may be a cause of failure. In general^ with ci'cry tension or compres¬ 
sion stress of intensity p there goes at 0 degrees with (he normal to p 
a shear stress of intensify s ^ p '^\n 0 cos 0 , The expression sin 6 
cos 0 has a maximum value of \ when 0 = 45^. At 45° with p^ 


s 


P 


2 

For instance, in torsion loading of a soft steel the elastic failure 
in shear is found at about .v 15,000 ]>ounds per square inch. If the 
same material be loaded in tension, the secondary shear will reach 
the critical intensity when the primary tension stress is 30,000 pounds 
per square inch. The material will break down sharpl)^ and begin 
to elongate; it will show slip lines of failure at 45 degrees to the axis. 
It is said the steel has passed its yield-point. The permanent sets 
in ductile materials in tension loading are due to failure occurring 
through the secondary stressing in shear. 
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In compression loading of brittle materials the problem is com- 
plicated by a sliding over each other of surfaces under pressure. 
Friction then occurs. It can be shown that friction will change the 



angle for the material sliding on itself. For instance, cast iron on 
cast iron has a coefficient of friction corresponding to a friction angle 
of 20 degrees; the angle in cast iron ''short columns between the 
planes of failure and the normal plane is 

20 ^ 

45 ^ + — 

2 

If the primary stress is a shear, the secondary stresses arc tension 
and compression. The mathematical relation between the })rimary 
and the secondary stresses is not the same as in the case above, with 
the direct stress as the primary stress. Consider first a unit cube of 
material (Fig. 36) to which a shear is applied. To balance this 
and prevent translation horizontally there must be on the opposite 
face an equal and opposite stress 5 ^. But Sx and constitute a 
couple; to balance the couple requires and This shows that 
when shear is applied as a primary stress the shears come in pairs 
at right angles to each other. One cannot have a horizontal sliear 
without having at any given }X)int a vertical shear of the same 
intensity as the horizontal. 


81 . 8, 



Fig. 36. J'lG. 37, 


Now consider Fig. 37 made from Fig. 36 by cutting on a diagonal. 
Si and S4 can be balanced by P; the value of P, by summation of 
vertical components, is 

P sin 45° = = 5,, or P - -A_ = _ J?!— 

sm 45° sin 45° 


( 22 ) 
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If the area on which Si or S4 is applied is F, the area over which P 

s s 

is distributed is F'n/s. The intensity of primary shear is j 


the intensity of the secondaiy stress (compression in this case) is 
P S S 

(23) 

F V 2 F sm 45 V 2 P 

If the other diagonal of the cube had been used, we should have 
found tension for the secondary stress. When the primary stress is 
shear of intensity s, there goes with it at 45 degrees a secondary stress 
{tension or compression) of intensity p — s. 

An application comes in the case of brittle materials in torsion 
loading. The tensile strength of cast iron is about 20,000 pounds 
per square inch. If loaded in torsion, the iron will snap with a 
brittle fracture at 5 = 20,000 pounds per square inch, and the direc¬ 
tion of the break will be found to be at 45 degrees with the helices or 
planes perpendicular to the helices in which shear failure is found. 
The break has been due to the secondary stressing in tension. 
The real shear strength of a brittle material cannot be found from 
torsion loading. 
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CHAPTER IV. 


STRENGTH OF MATERIALS —TESTING-MACHINES. 


48. Testing-machines and Methods of Testing. —The testing- 
machines consist essemially of, first, a device for weighing or regis¬ 
tering the ])ower applied to ru[)ture material; second, head and 
clamps for holding the specimen; third, suitable machinery for 
applying the power to strain the specimen; and fourth, a frame to 
hold the various parts together, which must l)e of sufficient strength 
to resist the stress caused by rujAure of the s])ecimen. Machines 
are built for aj)])lying tensile, compressive, transverse, and torsional 
stresses; they vary greatly in character and form; some are adapted 
for applying more than one kind of stress, while others are limited 
to a single specific purpose. 

In all machines the weighing device should be accurate and 
sufficiently sensitive to detect any essential variation in tlie stress, 
and every laboratory should be provided with means for calibrating 
testing-machines from time to time; the weighing system is usually 
independent of the system for applying power, although in certain 
early machines a single lever mounted on a fulcrum was used, as 



shown in Figs. 39 and 40, and in which the power system and weigh¬ 
ing system were combined, the power applied being measured by 
multiplying the weight by the ratio of the lever-arms bja. 

The power system, when indeiiendent of the weighing system, 
usually consists of a hydraulic press (Fig. 41), or screws driven by a 
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train of gears (Fig. 42). The principal advantage of having the power 
system independent from the weighing system is due to the fact that 
under such conditions the stretching of the specimen, which almost 
invariably takes place, does not affect the accuracy of weighing. 



The shackles or clamps for holding the specimen vary with the 
stress to be applied. The clamps for tension-tests usually consist 
of truncated wedges which are inserted in rectangular ojjenings in the 
heads of the testing-machines, and between which the specimen is 
placed. The interior face of the wedges is, for flat specimens, plane 
or slightly convex and serrated, but for round or square s])eciraens is 
provided with a triangle or V-shaped groove into which the head of 
the specimen is placed. When the strain is applied to the specimen 
the wedges are drawn close together, exerting a pressure on the 
specimen somewhat in proportion to the strain and often injurious 
to its strength. In many instances shackles with internal cut threads 
are used, into which specimens provided with a corresponding ex¬ 
ternal thread are screwed; this latter construction is much prefer¬ 
able to the former, though adding much to the expense of preparing 
the specimen. It is very important that the shackles should hold 
the specimens firmly and accurately in the axis of the machine and 
should not exert a crushing strain, which is injurious to the material. 

49. General Character of Testing-machines. — Testing-machines 
are classified as vertical or horizontal, depending upon the position of 
the specimen; this, however,is not an important structural difference, 
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although certain classes of machines are better adapted for the one 
method of testing than the other. Machines may also be classified 
as tensiony compressioHy or transverse machines, depending upon 
whether they are better suited to apply one class of stresses than the 
other, but as the method of testing is generally dependent simply 
upon the method of supporting the specimen, this classification is 
of little im})ortance structurally. Machines can perhaps be best 
classified by the form and character of weighing mechanism, it being 
generally understood that power may be applied through the medium 
of gears or by a hydraulic press, as desired, and with any class of 
machine. 

Under this classification we have: 

First, the simplc-Iever machines, forms of which have been showm 
in Figs, 39 and 40, in which the powxr for breaking was obtained 
from the weighing mechanism. Fig. 43 shows a single-lever machine 
much used at the j^resent time in England, in which the powder is 
a[)plied to the specimen at B, and the amount of stress is determined 
by the position of the jockey \veight vo and the amount of weight on 
the poise R. 



Fio, 4 '5. — Wtckstf ad, M ak tf 
Michaeiis, Buckton 


Fig. 44. — TbomASSET. 


A single-lever machine in which the lever is of the second order 
is shown in Fig. 44. The specimen is placed between the fulcrum 
and the weighing mechanism. The latter consists of a hydraulic 
cylinder with diaphragm and attached gauge, and is interesting 
as being the prototype of the Emery testing-machine. 

Second, differential-lever machines, one kind of which is shown 
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in Fig. 45. This consists of a single lever with poise, to which the 
draw-head is connected by links j)laced at unequal distances from 
the fulcrum. A machine of this form was manufactured at one time 
by Riehl^ Brothers.* 



Fig. 45 —RiEHLf. HynuAuiic. Fig. 46. — Faikbwks Machink. 


Third, compound-lever machines. These liavo been much used 
in America for the last Iwcnty years, and are manufactured by 
Riehl^ Brothers, Olsen, and Fairbanks. In these machines power 
is usually applied by gearing; at least,such a construction is generally 
preferred in this country. The diagram, Fig. 46, shows the arrange¬ 
ment of levers adopted in the Fairbanks machine. The movable 
F' — — plate F of the machine, 

operated by the power 

i~~T— . ^ device, either exerts a pull 

_''c ['■•g . TT P or a compression C upon 

^ - r- -- ^ — J [ the stationary plate F', F", 

^ ‘ through the medium of the 

Fio. 47. — Olsen and Riehle. specimen, whic h in the first 

case is under tension, in 

the second case under compression. 

Fig. 47 shows arrangement of levers adopted in the Olsen and 
Riehle machines, the action being otherwise the same as in the 
Fairbanks machine, 

* The forces acting in this machine tan be represented by the following equation; 
/M H- wc =• --- inf-bg). 
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Fourth, direct-acting hydraulic machines. Fig. 48 shows a simple 
form of a hydraulic machine, in which power is applied by liquid 
pressure to move the piston K, the specimen being located at j for 
tension and at a'h' for compression. Machines of this kind have 



I'JG 48 —Kellogg, Johnson. 


been built of the very largest capacity; for instance, that designed 
by Kellogg at Alliens, Pa., has acajiacily of 1,250,000 pounds, and 
that at the PlKenix Iron Works lias a cajiacity of 2,000,000 pounds, 
while one built by Professor Johnson at St. Louis has a capacity of 
about 750,000 pounds. In all these machines the stress is meas¬ 
ured by multiplying the readings of the gauge by a constant de¬ 
pending u})on the area of the cylinder, the effect of friction 
being eliminated by keeping the piston rotating, or in other cases 
neglecting it or determining its amount, and correcting the results 
according]}. Such machines are not adapted for accurate tCvSting, 
but are suited for testing of a character which permits consider¬ 
able variation from the correct results. 

A modified form of the simple hydraulic machine was designed 
by Werder in 1852, having a capacity of 100 tons, the principle of 



Fic;. 4Q. — Werder, 1852. 


its construction being showm in Fig. 49. In this machine the line of 
action of the stress is in RF, while that of the resistance is in the line 
Ad which is to one side of RF. These forces arc balanced by adjust- 
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ing the weights on the scale-beam, thus providing means of weighing 
the force applied to the specimen. 

Fig. 50 is a sketch of the working parts of the Maillard machine, 
in which the weighing apparatus consists of a fluid which is put under 



pressure by means of a diaphragm against which the stress aj^plied 
to the specimen reacts. This force is measured on a hydraulic gauge 
similar in many respects to the weighing apparatus of the Emery 
testing-machine. 

Fifth, Uie Emery machine. The general ])rincij)le of the Emery 
testing-machine is shown in Fig. 51. Power is applied by means of 



Fig. 51. — Emkry. 


the double-acting hydraulic press R .so as to break the specimen either 
in tension or compression, as desired. I'he s{)ecimen is placed at s, 
and the stress transmitted is received, if in tension, first by the draw- 
head BB, thence transmitted to the draw-head B'B', thence in turn 
to the fluid in the hydraulic support v through a frictionlcss dia¬ 
phragm, from which the fluid pressure is transmitted to the vessel 
with the smaller diaphragm d, the pressure of which is balanced and 
weighed on the weighing-scale la. If the specimen is in compression 




STRENGTH OF MATERIALS — TESTING-MACHINES 73 


the force is transmitted by the draw-head BB to the bottom of the 
hydraulic support v, thus crowding the hydraulic support and its 
contents against the diaphragm, which in turn causes a liquid pres¬ 
sure which is measured on the weighing-scale as before. The springs 
which receive the pressure of the liquid are adjusted by screws rr, 
connected to the frame, and of sufficient strength to resist the greatest 
stress applied in compression. 

In order that the levers of a testing-machine may transmit the force 
to the weighing poise with as little loss as possible, and in such 
a manner that a large force can be balanced by a small weight, a 
knife-edge bearing is in nearly every case provided for each lever. 
The knife-edge as usually constructed is a piece of hardened steel 
with a sharp edge which is inserted rigidly in the weighing-lever and 
rests upon a hardened steel plate fastened to the fulcrum, although 
in some cases the positions of knife-edge and plate are reversed. The 
knife-edge should be as sharp as it can be made without crumbling 
or cutting the contact-plate, and it should be kept clean and free 
from dirt or rust in order to keej) the friction at the lowest possible 
point. In practice the angle of the knife-edge is made from 30 to 
no degrees, depending upon the load. Machines of the type shown 
in Fig. 47 have been constructed in which the friction and other 
losses, as shown by trial, did not exceed 100 pounds in 100,000. 

The fulcrums for supporting the levers in the Emery testing- 
machine are thin plates of steel rigidly connected to both the 
lever and its supjwt, as shown in Fig. 51. A flexure of the 
fulcrum-plates is produced by an angular motion of the levers; 
but as this motion in practice is small, and as the fulcrums are very 
thin, the loss of force is inappreciable and all friction is eliminated. 
The plate fulcrums also possess the advantage of holding the levers 
so that end motion is impossible, and thus preventing any error in 
weighing due to change of lever-arm. The peculiar form of the plate 
fulcrums is such as to be unaffected by dirt; furthermore in practice 
a higher degree of accuracy in weighing has been obtained than is 
possible with knife-edge levers. The principal characteristics of the 
Emery machine are, first, the hydraulic supports, which are vessels 
filled with a liquid and having a flexible side, or diaphragm, which 
transmits the pressure to a similar support in contact with the weigh- 
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ing apparatus. The detailed construction of a hydraulic support 
as used in a vertical machine is shown in Fig. 59, its method of opera¬ 
tion in Fig. 51. Second, the peculiar steel-jdate fulcnims, which 
have been described. Those, together with excellent workmanship 
throughout, have served to make the Emery testing-machine an 
instrument of ]:>recision with a greater range of capacity and an 
accuracy far superior to that of any other machine. 



fiG, 52 —l.MERY HoKI/ONJAL 


Fig. 52 gives a perspective xh:v> of the Emery machine with the 
working parts marked the same as in the diagram. In this figure M 
is the pump for operating the liydraulic [iress, hh' the connecting 
piping, TT screws forming a part of the frame and used for adjusting 
the piosition of the press for different lengths of specimens and 
of sufficient strength to withstand the shock due to breaking; P 
is the weighing-casc, wdiich contains a very elaborate system of 
weights which can be applied without handling, as described in 
detail later. 

SO, Weighing System. "-The weighing system in the present 
English machines, and in former ones built in this country, con¬ 
sists of a single lever or scale-beam, along which can be ffioved a 
poise, and which can be connected by one or more levers to the test 
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Specimen. Such machines are objectionable principally on account 
of the space occupied. 

The weighing device in nearly all recent machines consists of a 
series of levers, arranged very much as in platform-scales, finally 
ending in a graduated scale-beam over which a i)oise is made to move. 
The machines are usually so constructed lliat the effect of the strain 
on the specimen is transmitted into a downward force acting on the 
platform, and the effect of a given stress is just the same as a given 
load on the platform. 

The weighing-levers usually consist of cast-iron beams carrying 
hardened steel knife-edges, which in turn rest on hardened-steel 
bearing j>lates. This is the system adopted by most scjile-makers 
for their best scales. 

In the Emery testing-machines, which are especially noted for 
their accuracy and sensitiveness, the knife-edges and bearing plates 
are replaced by thin plates of steel, the flexibility of which permits 
the necessary motion of the levers. 

The weighing device should be atiurate, and sufficiently sensitive 
to detect any essential variation in the stress. The amount of sensi¬ 
tiveness required must de[)end largely on the i)urposes of the test. 
An amount less than one tenth of one per cent will rarely make any 
appreciable difference in the result, and ]>robably may be taken as 
the minimum sensitiveness needed for ordinary testing. Weans 
should be provided for ialibratingthc weighing device. This can be 
done, in the class of machines un<ler consideration, by loading the 
lower platform with standard weights and noting the corres{x^nding 
readings of the scale-beams. Testing-niachim^s may be calibrated 
with a limited number of standard weights by the use of a test- 
specimen, which is not to be strained beyond the elastic limit. The 
weights are successively added and removed, and strain is maintained 
on the test-piece, equal to the reading on the calibrated portion of 
the scalc-beam. 

51. The Frame.— The frame of the machine must be sufficiently 
heavy and strong to withstand the shock produced by a weight equal 
to the capacity of the machine suddenly applied. 

The weighing levers must sustain all the stress or force acting on 
the specimen, without sufficient deflection to affect accuracy of the 
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weighing, and the frame must be able to sustain the shock conse¬ 
quent upon the sudden removal of the load, due to breaking, without 
permanent set or deflection. 

52. Power System. — The power to strain or rupture the speci¬ 
men is usually applied through the medium of a train of gears or 
by a hydraulic press, operated by power or hand. The hydraulic 
machine is very convenient when the stress is less than 50,000 
pounds; but if there is any leakage in the valves, the stress will be 
partially relieved the instant the pump cca.ses to operate, and diffi¬ 
culty may be experienced in ascertaining the stretch for a given load. 

53. Shackles. — The design of shackles or clamps for holding the 
specimen varies with the strain to be applied. Clamps for tension- 
tests usually consist of truncated wedges which arc inserted in 
rectangular openings in the heads of the testing-machines and 
between which the specimen is placed. The interior face of the 
wedges is for flat sftecimens plane and serrated, but for round or 
square specimens it is provided w'ith a triangular or V-sha}>ed groove, 
into which the head of the specimen is placed. When the strain is 
applied to the specimen these wedges are drawn closer together, 
exerting a pressure on the specimen somewhat in proportion to the 
strain and often injurious to its strength. In tensile testing it is 
essential to the correct determination of the strength of the specimen 
that the force shall be applied axially to the material; in other 
words, it shall have no oblique or transverse component. This 
requires that the wedge-clamps ^Hall be parallel to the specimen, 
and that the heads whicb.rfi'ft as in the clamp shall separate in a 
right line and parallel to t^e Jpecimen. 

This construction is well shown in the following description of 
the clamps used in the Olsen and Riehl€ testing-machines. 

A plan and section of the draw-heads used with the Olsen machine 
are shown in Fig. 53. AA is a counterbalanced lever used to 
prevent the wedges falling out when the strain is relieved; BB, 
are screws connected to plungers for adjusting the space into 
which the wedge-clamps are drawn. A lateral motion of the speci¬ 
men Is obtained by unscrewing on one side and screwing up simul¬ 
taneously on the other side: this adjustment is of advantage in some 
instances in centering the specimen. 
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Fig. 5^ —Draw-iieid Olsen Machine. 


The clamps used by Riehl<S Brothers for holding flat specimens are 
shown in Figs, 54 to Fig. 56, as follows; 

Fig. 55 is a plan view of the draw-head, with specimen in jxisi- 
lion: CC, curve-faced wedges; D, specimen; A, draw-head; and 5 J 5 , 
tension-rods. 

Fig. 56 is a sectional view of same. Fig. 54 is a separate view of 
the wedge. The inclinations of the outside surfaces of the wedges 
are exaggerated in the drawings, so as distinctly to show the con¬ 
struction. 

Wedges have been made with spherical backs, and a portion of the 
draw-heads mounted on spherical surfaces in order to insure axial 
strain. Special holders into which screw-threads have been cut 
have been used with success, and in many instances the specimens 
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have been fastened to the draw-heads by right and left threaded 
screws. 

The wedge-fastening is the most widely used in American com¬ 
mercial testing. It has, however, been found impossible to get a 
really accurate centering and uniform stressing with this fa.stening, 
and in any work of imjwrtance screw-ends must be used on the test- 
piece, with ball and socket sup[)orts. 



54. Specifications for Government Testing-machine. — I'he large 
machine in use by the United States (.Jovernment at the Watertown 
Arsenal was built Ijy xAlbert 11 . Emery. The machine is not only 
of large capacity, but is extremely delicate and very accurate. A 
perspective view of the machine is shown in Fig. 38. 

The requirements of the United States Government as e.xpresscd 
in the specifications, which were all successfully met, wore as follow's: 

1st. A machine will) a capacity in tension or compression of 
800,000 pounds, with a delicacy sufficient accurately to rcgi.ster the 
stress required to break a single horse-hair. 

2d. The machine .should have the capacity of seizing and giving 
the neces.sary strains, from the minutest to the greatest, without a 
large number of special apjiliances, and without special adjustments 
for the different sizes. 

3d. The machine should be able to give the strc.sses and receive 
the shocks of recoil j>roducc‘d by rupture of the specimen without 
injury. The recoil from the breaking of a sjiecimen which strains the 
machine to full capacity may amount to 800,000 fiounds, instantly 
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Fig. *57. — Longitiidinai. Section of Weighing Head, Emery 'Festing Machine. 
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applied. The machine must bear this load in such a manner as to 
be sensitive to a load of a single ix>uncl placed ujwn it, without 
readjustment, the next moment. 

4th. The parts of the machine to be at all times accessible. 

5th. The machine to be operated without excessive cost. 

Description of Emery Testing-machine. —-These machines are 
now constructed by Wm. Sellers & Co. of Philadelphia, under a 
license from the Yale & Towne Mfg. C’o. of Stamford, Conn, 

The following description will serve to explain the principle on 
which the machine acts: 

The machine consists of the usual j)arts: i. Apparatus to apply 
the power. 2. Clamps for holding the specimen. 3. The weighing 
device or scale, 

1. The apparatus for applying power con.sists of a large hydraulic 
press, which is mounted on wheels as showm in the engravings. 
Fig. 38 and Fig, 57, and can be moved a greater or less distance 
from the fixed head of the machine. Two large screw's serve to 
fix or hold this hydraulic press in any position desired, according 
to the length of the specimen: and when rupture is produced the 
shock is received at each end of these screws, which tend to alter¬ 
nately elongate and compress, and take all the strain from the 
foundation. 

2. Clamps for holding the specimen. These are jjcculiar to the 
Emery machine, and are shown in Fig. 57 in section. This figure 
also shows a section of the fixed head of the machine, and a portion 
of the straining-press, w'iih elevation of the holder for the other end 
of the specimen. 

The clamps, numbered 1484 in Fig. 57, arc inserted between two 
movable jaws (1477), which are pressed together by a hydraulic 
press (1480), resting on the fixed support (1476), By this heavy 
lateral pressure force equal to 1,000,000 pounds can be applied 
to hold the specimen. The amount of this force is shown by gauges 
coimected to the press cylinder, and can be regulated as required. 

For the vertical machines these shackles or holders are arranged so 
as to have sufficient lateral motion to keep in the line of the test-piece. 

3. The weighing device. This is the especial peculiarity of the 
Emery machine: instead of knife-edges, thin plates of steel are used 
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which axe flexed sufficiently to allow the necessary motion of the 
levers. The steel used varies from 0.004 to 0.05 inch thick, and the 

blades are so wide that the stress 
does not exceed 40,000 to 60,000 
pounds per square inch. 

Fig. 58 shows the form of 
fulcrums used for light forces 
when the steel fulcrums are in 
tension. 

Fio. 58.- Emery Knife Edge Fulcrum. The method of measuring the 

load is practically that of the 
hydraulic press reversed, but instead of pistons, diaphragms having 
very little motion are used. Below the diaphragm is a very shallow 
chamber connected by a lube to a second chamber covered with a 
similar diaphragm, but of a different diameter. Any downward 
pressure on the ffrst diaphragm is transmitted to the second, giving 
a motion inversely as the squares of the diameters. This latter 
motion may be farther increased in the same manner, with a corre¬ 
sponding reduction in pressure, or it may at once be received by the 
system of weighing levers. The total range of motion given the 
first diaphragm in the 50-ton testing-machine is P^irt of an 

inch, but the indicating arm of the scales has a motion of of 
an inch for each pound. This increase of motion and corre¬ 
sponding reduction of jircssure is accomplished practically without 
friction. 

The above mentioned parts may be understood from a study of 
Figs. 59, 60, and 61. Fig. 59 shows the base frame and abutments 
of the vertical machine. The diaphragm is placed between the 
frames EE, the whole being supported on springs d, so as to have 
an initial tension on the test piece. 

The pressure on the diaphragm between the frames EE is com¬ 
municated by the tube / to a similar diaphragm in communication 
with the weighing-levers, Figs. 60 and 61. In case a diaphragm 
is used it is placed beneath the column ^Fig. 61; the motion of the 
column A is communicated to the scale-beams by a system of levers 
as shown. 

The scale-beam mechanism of the testing-machine is so arranged 
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that by operating the handles on the outside of the case the weights 
required to balance the load can bc' added or removed at pleasure. 
The device for adding the weights is shown in Fig. 62. a, b, c, d, e, 
and /are the weigiits, which are usually goltl-plated to prevent rust¬ 
ing. These when not in use are carried on the supports A and B 



by means of pins. When needed, these supports can be lowered 
by the outside levers, and as many weights as are needed are 
added to the weighing-poise CD. 

55. Rieble Brothers’ Hydraulic Testing-machines, —The testing- 
machines built by Riehle Brothers of Philadelphia vary greatly 
in principles and methods of construction. In tiie machines built 
by this firm, power is applied either by hydraulic pressure or by 
gearing, and the weighing device consists of one or more levers 
working on steel knife-edges, as in the usual scale construction. 




STRJ.NGTH or MATERIALS—TESTING-MACHINLS 83 



Fig. 60 —ScALi BiAM wn Casi 


m n 


K 




G 
















84 


EXPERIMENTAL ENGINEERING 


Machines have been built by this firm since i87<3. The fonn 
of the first machine constructed was essentially that of a long 



weighing-beam suspended in a frame 
and connected by differential levers to 
the specimen, the power being applied 
by a hydraulic press. The latter forms 
are more compact. The standard hy¬ 
draulic machine as constructed by this 
firm is shown in Fig. 63. In this 
machine the cylinder of the hydraulic 
press, which is situated directly beneath 
the specimen, is movable, and the piston 
is fixed. 

This motion is transmitted through 
tlie specimen, and is resisted by the 
weighing levers at the top of the ma¬ 
chine, which arc connected by rods and 
levers to the scale-frame. Two plat¬ 
forms connected by a frame are carried 
by the weighing levers: the upper one is 
slotted to receive the wedges for holding 
the specimen; the lower one forms a 
plane table. The intermediate platform, 
or draw’-head, can be adjusted in differ¬ 
ent positions by turning the nuts on the 
screws shown in the cut. For tension- 


lio. 62.~Devici. I UR Aui>- strains the specimen is placed between 


I.\0 AND RtMO\ ISO 

We/ghts. 


the up])er and intermediate head; for 
compression it is placed between the 


intermediate and lower heads. An attachment is often added to 


the lower platform, so that transverse strains can be applied. 

The hydraulic cylinder is connected by two screw rods to the in¬ 
termediate platform or draw-head, and when it is forced down¬ 
ward by the operation of the pump this draw-head is moved in the 
same direction and at the same rate. 

$6. Riehle Power Machines. — The machines in which power is 
applied by gearing are now more generally used than hydraulic 



Fig. 63. — Rikhlk TFSTiNG-MAoniNK FOR Tension, Compression, and 
7 'ransv^ersk Loading. Front View. 



Fia. 64. — RiEHti Testing-machine for Tension, Compression, and 
Transverse Loading Back View. 
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machines. Fig. 64 shows the design of geared machine now built by 
Riehl^ Brothers. In this machine both the gearing for applying the 
power and the levers connected with the xveighing apparatus are 
near the floor and below the specimen, thus giving the machine great 
stability. The heads for holding the specimen are arranged as in the 
hydraulic machine, and power is apjdied to move the intermediate 
platform up or down as required. The upper head and lower 
platform form ajiart of the weighing system. The intermediate or 
draw-head may be moved either by friction-wheels or spur-gears at 
various speeds, which are regulated by two levers convenient to the 
operator standing near the scale-beam. 

The poise can be moved backward or forward on the scale-beam, 
without disturbing the balance, by means of a hand-wheel, opposite 
the fulcrum on which the scale-beam rests. 

The scale-beam can be read to minute divisions by a vernier on 
the poise. 

57. Olsen Testing-machine. — 7 'he machines of I'inius Olsen & 
('0. of Philadelphia are ail operated by gearing, driven by hand in 
the machines of small cajjacity, and by power in those of larger 
capacity. 

The general form of the machine is shown in Fig. 65, from 
which it is seen that the f)rinciples of construction arc the same as in 
the machine last ilescribed. 

Tlic intermediate platform or draw-head is o{)eralcd by four 
screws instead of by two, and there is a marked difference in the 
arrangement of the weighing-levers and in tlic gearing. 

The machine can be operated at various rates of s])ced in either 
direction, and is rca<lily controlled by convenient levers. 

58. Thurston’s Torsion Testing-machine. —Jhhh the breaking- 
strength and the modulus of rigidity can be obtained from the auto¬ 
graphic testing-machine invented by Professor Thurston in 1872. 

In this machine. Fig. 66, the power is applied by a crank at one 
side, tending to rotate the specimen, the sfHJcimcn being connected 
at the ojq)osite end to a pendulum with a heavy weight. 

The resistance offered by the pendulum is the measure of the 
force applied, since it is equal to the length of the lever-arm into the 
sine of the angle of inclination, multiplied by the constant weight P, 
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Fig. 67. A pencil is carrit'd in the axis of the pendulum produced, 
and at the same time is moved parallel to the axis of the test-piece 
by a guide curved in proportion to the sine of the angle of devia¬ 
tion of the pendulum, so that the pencil moves in the direction of 
the axis of the specimen an amount proportional to tlie sine of this 
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angle. A drum carrying a sheet of paper is moved at the same rate 
as the end of the si)ecimen to which the power is ai)phed. Now if 
the pencil be made to trace a line, it will mo\ e a distance around 
the drum which is e({ual to the angle of torsion {a) ex})rcssed in 
degrees or measure, and it will move a distance parallel to the 
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axis of the test-piece proportional to the moment of external forces, 
Pa. 

The diagram, Fig.67, from Church’s “Mechanics of Engineering,” 
shows the working jKjrtions of the machine very clearly. In the 
figure, P is the pendulum, the upper end of which moves past the 
guide WR, and is connected by the link FA with the pencil AT. 
The diagram is drawn on a sheet of paper on the drum, which is 
rotated by the lever b. The drum moves through the angle a, 
relatively to the pendulum which moves through the angle / 3 . The 
test-piece is inserted between the pendulum and drum. 

The value of a in degrees can be found by dividing the distance on 
the diagram by the length of one degree on the surface of the paper 
on the drum, W’hich may be found by measurement and calculation. 

Application of the Equations to the Strain-diagram. —For the 
breaking-load, equation (16) of Chapter III, may be written. 



e 


The external moment M equals Pr .sin /?, in which P is the fixed 
weight, r the length of the i)endulum, ^ the angle made with the 
vertical. Hence 

Pr sin p — sip -i- e. 

In this equation P and r are constant, and depend upon the machine; 
Ip and e are constant, and depend upon tlie test-piece. Sin p is the 
ordinate in inches on the autographic strain-diagram, and can be 
measured; knowing the constant, J may be computed from 

5 = Pre sin p -=r Ip. 

For the modulus of rigidity, apply equation (19), Chapter III, 
page 62. 



The modulus of resilience (see equation (18), page 62) is the area 
of the diagram within the elastic limit, expressed in absolute units. 

Ua°= I s'd' for unit of material. 
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The Helix Angle d ^ em in which I is the length of the 
specimen in inches. 

Machine Constants, — To Obtain the Constants of the Machine, — 
First, the external moment Pa, This is obtained on the principle 
that it is equal to any other external moment which holds it in eciui- 
librium. Swing the pendulum until its centre-line is horizontal; 
support it in this position by a strut resting on a pair of scales; the 
product of the corrected reading of the scales into the distance to the 
axis on thearmwill give M. Check this result bv trials with the strut 
at different points. Second, the value of the scale of ordinates can 
be obtained by measuring the ordinate for 90^ and for [i 30^, 
since sine 90® ^ i and sine 30® Third, the value of the scale 

of abscissae can be obtained by dividing the abscissa on the diagrrun 
by the circumference of tlie drum including the ))aper. This may 
be expressed in degrees by considering the circumference 3^0^^ 

Constants of the Material are obtained by measuring the 
dimensions of the specimen. The values of and e are given 
on page 62. 

Conditions of Accuracy, — In obtaining these ^\^lues, the following 
conditions are assumed: Firstly, the test-piece is exactly in the center 
of motion of the [)enclulum itnd of the drum; secondly, the pencil 
is in line of the })cndulum produced; thirdly, the curve of the 
guides is that of the sine of the angle of deviation; and, fourthly, 
the specimen is held firmly from rotation by the shackles or wedges, 
and yet allowed longitudinal motion. These constitute the adjust¬ 
ments of the machine, and must be carefully examined before each 
test. Any eccentricity of the axis of the sj)ecimen will lead to serious 
error. 

59. Power Torsion-machines. —The Richie power torsion-machine 
is shown in Fig. 68. Power is applied at various rates of speed by 
means of the gearing shown. The specimen is held by means of 
two chucks: the one on the left is rotated by the power applied; 
the one on the right is prevented from rotating by a system 
of levers, so connected to the scale-beam that when it is bal¬ 
anced the reading is proportional to the^ torsional force or 
external moment transmitted through the specimen, expressed in 
foot-pounds, inch-pounds, or any other units desired. The weighing 
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head is suspended so as to permit free elongation of the specimen. 
The chucks used have self-centering jaws which will hold the speci¬ 
men rigidly and central during application of the stress. In the 
Riehl^ machine shown, the adjustment for specimens of various 
lengths is made by moving the weighing head. 



Fi(.. 68—Kifirn INiui h Ioksion Iistisg Machini, 


It is in general not best to determine the angle of torsion from a 
graduated scale on th(‘ movable chuck unless the slip of the specimen 
in the jaws is corrected for. The Riehle Co. make a torsion indica¬ 
tor, which is aiijilied directly to the specimen and thus obviates any 
inaccuracy due to slip. The constniction of this indicator is shown 
in Figs. 6() and 70 and needs no further explanaiion. Tw'o of these 
are used, clamped to the specimen any desired distance apart. The 
reading of the dial near the weighing head is subtrac ted from that 
near the power head. 

Fig. 71 shows the Olsen power torsion machine. Here the mov¬ 
able or power chuck is shotvn at the right, the stationary or weighing 
chuck at the left. In the particular machine shown, that at Sibley 
College, the sc ale beam shows the force in pounds acting at an arm 
of 20". 
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In the Olsen machine the angle of torsion may be measured by 
clamping dogs on the specimen at each end so as I0 engage the 
projections, shown at />, Fig. 71, of the index-rings, which are free to 
move over the graduated scales of the chucks. The angle of torsion 
of the specimen, for a length represented by the distance between the 
centers of the dogs, is the angle turned through by the movable 
chuck less the sum of the angles through which the index-rings are 
pushed by the clogs. Let — angle through which movable chuck 
is rotated, a.^ - angle through which index-ring on the movable 
chuck is pushed by the dog, <x^ angle through which index-ring on 
fixed chuck is pushed by the dog, and o angle of torsion. Then 

a ^ o'j - (a,, + A’g). 


Tins angle may also be measured through short ranges by means 
of two index-arms clamped to the specimen, as >hown at r, Fig. 71. 
One arm carries a pointer which plays over an arc (J), graduated 
in indies, whose center of curvature is the center of tlie specimen. 
The distance traversed by the ])ointer divided by the radius of the 
arc gives the angle of torsion in circular measure. 

The constant of tlie Olsen machine, or the value of the gradua¬ 
tions on the scale-beam, may be found as follows (see Fig. 72): 
The fixed chuck is rigidly connected 10 link K as shown. I'he tor¬ 
sion moment (Pa) on the specimen tends to rotate the chuck and link 
as indicated by the arrow. The onl}* addiiional forces acting on 
K are the vertical forces of strut and 
of the frame through the knife-edges 
at R, The right end of link K is pre¬ 
vented from clro[)ping down, when no 
load is on the sjiccimen, by a strut acting 
upward at R (not shown in figure). R 
may therefore act either upward or 
downward, depending uj)on the intensity 
of Pa, The weight of K may, however, 
be entirely neglected, since the counter¬ 
poise of the machine may be so set that the system is in equilibrium 
with no stress on the specimen. 

With the dimensions shown, weight of poise - 40 pounds, length 



30 '- ■ 


Fig. 72. — Wkighing Head of 
O i SEN Torsion-machine. 
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between divisions on scale-beam | inch, considen JT as a free 
body. Then 'il{Pa) = o and SF= o. From which 

Pa — 12 + 8 R and P^ — R, 

or Pa = 20 jPj (i) 

Pj acts at a lever-arm of 2 inches on the lower lever G, and Pj acts at 
a lever-arm of 30 inches. Then 

2 P, =30 Pj and P, = 15 Pj (2) 

Pj acts on scale-beam at a lever-arm of 2 inches, and this moment 
must be balanced by moving the poise W along a distance .v. 
From which 

2 P, = Wx (3) 

From (i), (2), and (3) we have 

Pa = 20 X 15 X 20 X. 

Make x ^ 1 scale division = | inch, then 

Pa = 4000 inch-pounds. 

Since the value of each division as marked on scale-beam is 200, 
the constant of the machine is 20. 

For an accurate determination of the angle of torsion, it is impor¬ 
tant that the specimen be kept straight during the apjilicalion of 
stress, and that the angle of torsion be measured from arcs or scales 
having the same center as the specimen. 

60, Impact-testing Machine. — The Drop Test — Testing by 
Impact. — This test is recommended for material used in machinery, 
railroad construction, and generally whenever the material is likely 
to receive shocks or blows in use. 

It is usually performed by letting a heavy weight fall on to 
the material to be tested. The Committee on Standard Tests of 
the American Society of Mechanical Kngineers recommend that the 
standard machine for this purpose consist of a gallows or framework 
operating a drop of ti^enty feet, the weight to be 2000 pounds, the 
machiiie to be arranged substantially like a pile-driver. The impact 
machine derigned by Mr. Heisler, Fig. 73, consists of a pendulum 
with a heavy bob, which delivers a blow on the center of a bar 
securely held on two knife-edge supports affixed to a heavy mass of 
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metal. This machine is especially designed for comparative tests 
of cast iron; it is furnished with an arc graduated to read the vertical 
fall of the bob in feet, and a trip device for dropping the ram from 
any point in the arc. A paper drum can be arranged for automati¬ 
cally recording the deflection of the test-pieces. 



Fig. 73. — Heisler Impact Testlng-machine. 


Let W = the weight of the bob; 

h the distance fallen through; 

P centre-load; 

;i = deflection. 

Then 

Wh ^3 PI 

Hence, 

P =* 2 Wh + L 
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6 i. Machines for Testing Cement —Cement mortar can be 
formed into cubes, and after hardening can be tested in the usual 
testing-machines for compression; but tensile tests arc usually 
required, and for this purpose a delicate machine with special 
shackles is needed. In order that the tests may give correct results, 
it is necessary that the power be apjdied uniformly, and absolutely 
in the line of the axis of the specimen; and to make different tests 
comparable, the specimen, or, as it is called, the briquette, must be 



Fig, 74. — Fairbanks’ Cemlni-ikstino Macuine. 

always of the same shape and size, and marie in exactly the same 
manner. The engraving (Fig. 74) shows Fairbanks^ Atiiomatic 
Cement-tester^ in which the powcT is apjdicd by the dropping of 
shot into the pail F. The specimen is held between clamj^s, which 
are regulated at the })roper distance ai)ar1 by the screw P. At the 
instant of rupture the scale-beam D falls, closes a valve, and stops 
the flow of shot. In Fig. 74 .S' is a closed mould for forming a bri¬ 
quette, and U a briquette ready for test. 
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Directions. — Hang the cup F on the end of the beam D, as 
shov\ n in the illustration. Sec that the poise R is at the zero-mark, 
and balance the beam by turning the counter weight L. 

Place the shot in the hopper B, place the specimen in the clamps 
NN, and adjust the hand-wheel P so that the graduated beam D 



lie 7'; — OLSI N S CCMl NT TFSIING MSCHINE. 

will rise nearly to the stop K. Ojien the automatic valve / so as to 
allow the shot to run slowly. Stand back and let the machine 
make the test. 

When the sjiecimen breaks, the beam D drojis and closes the 
valve I. Remove the cuj) with the shot in it, and hang the counter- 
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jx>ise-weighl G in its plaxre. Hang the cup F on the hook under the 
large balance-ball E, and proceed to weigh the shot in the ordinary 
way, using the poise R on the graduated beam D and the weights H 
on the counterpoise weight G. The result will show the number 
of pounds required to break the specimen. 

Owing, apparently, to a certain give in the shackles and lever, it 
sometimes becomes necessary to turn the wheel P to prevent D 
from striking the lower stop before the test is complete. Under 



1 10 76 — Riehil Cemeni-xk5tij«5 Machini 

high loads if becomes difficult to do this uniforml) In hand. In 
the later forms of this machine an attachment is now located m 
the base of the machine whereby P can he turned through gear¬ 
ing, making the action more uniform and less apt to affect the 
strength of the specimen by jars. 

Automatic Machines, similar in their action to the Fairbanks, 
are also built by Tinius Olsen & Co., and by Richie Bros. Testing 
Machine Co., both of Philadelphia. These firms also make cement¬ 
testing machines of a different type, of which Figs. 75 and 76 are 
examples. 
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The Olsen Cemenl-lesier is shown in Fig. 75. The power is applied 
by the hand-wheel and screw, so that it strains the briquette very 
slowly. The poise on the scale-beam is moved by turning a crank 
so that the beam can readily be kept floating. 

The Riehli Cemeni-tesier is shown in Fig. 76. The briquette 
to be tested is placed between two shackles mounted on pivots so 
as to be free to turn in every direction. 

Power is applied to the specimen through belts and gearing as 
.shown, and is measured by the reading on the scale-beam at the 
po.sition of the jx)isc. 

TESTING-MACHINE ACCESSORIES. 

62. General Requirements of Instruments for Measuring Strains.- 

In the testing of materials it is necessary to measure the amount of 
strain or distortion of the body, in order to compute ductility, mod¬ 
ulus of elasticity, etc. The ductility or jiercentage of ultimate 
deformation, since the latter is usually a large quantity, can 
often be obtained by measurement with ordinary scales and cal¬ 
ipers. Thus, in the tension-test of a steel bar 8 inches long, it will 
increase in length before rupture nearly or quite 3 inches; if in the 
measure of this quantity an error equal to one-fiftieth of an inch be 
made, the resulting error in ductility is only one-half of one p^r cent. 
In the measurement of deformation occurring within the elastic limit 
the case is very dilTerent, as the deformation is very small, and conse¬ 
quently a very small error is sufficient to make a great percentage 
difference in the result. 

The instruments used for the purpose of measuring elongation 
are called extensomeiers, and vary greatly in form and in principle 
of construction. The instrument is generally attached to the te.st- 
piece, either on one or on both sides, and the deformation is obtained 
by direct measurement with one or two micrometer-screws, or b}’ 
the use of levers which multiply the deformation so that the results 
can be read on an onlinary scale. As a rule, instruments which 
attach to one side of the tesl-])ic*ce will give erroneous readings if the 
test-piece either be initially curved, or deformed so as to draw its 
axis out of a right line, and this error may be large or small, as 
the conditions vary. 
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The extensometers in use generally consist of some form of 
mulliplying-lever the free end of which moves over a scale which 
may or may not be provided with a vernier, or of a micrometer- 
screw, which is used to measure the distance between fixed points 
attached to the specimen or of some form of mirror apparatus, or 
various forms of cathetometers. 


, % t y 

Fig. 77. —Weuge Scale. 


63. Various Forms of Extensometers. T/ie lEcr/gc Sca/e. — 
The wedge-shaped scale, Fig. 77, which could be crowded betwee;, 
two fixed points on the test-jiiece, was one of the earliest devices 
to be used. In using the scale two projecting [loints were attached 
to the specimen, and as these points separated, the scale could 
be inserted farther, and the distance measured. 

The Bauschinger Roller and Mirror Extensometer, —To Professor 
Bauschinger belongs the credit of first systematically taking double 
measurements on opposite sides of a test-bar. The general jirinciple 



Fig 78. —Bauschincek’s Mirror Apparatus. 


of his apparatus is shown in Fig. 78. It is seen to consist of two 
knife-edged clips, b, b, which arc connected to the specimen and 
carry two hard ebonite rollers, d, d, which turn on accurately 
centered spindles. The spindles are prolonged, and sujiport mirrors, 
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g, gf which rotate in the plane of the figure as the spindles rotate* 
Clips, a, a, are fastened to each si<ie of the test>picce at the opposite 
extremity, and are connected by spring-pieces, with the rollers. The 
sf>ring-pieces are slightly roughened by file, and turn the rollers by 
frictional contact, so that the least extension of the test-piece causes 
a rotation of the mirror through an angle. If a scale be placed at 
Sj s, and telescopes at e, the reflection of the scale will be seen in the 
mirror in looking through the telescope, and any extension of the 
test-piece will cause a variation in the reading of the scale as seen in 
the mirror. The apparatus is equivalent to a lever apparatus having 
for a small arm the radius of the roller and for a long arm the 
double distance of the scale from the mirror. With this instrument 
it is evidently possible to obtain very accurate measurements, but 
on the other hand the instrument is very cumbrous and difficult to 
use. The mean of the two readings with the Bauschingcr instru¬ 
ment is the true extension of the ])iece. 

Professor Unwin obviates the use of two mirrors and two telescopes 
by attaching clips to the center of the speci¬ 
men and having the single mirror revolve in 
a plane at right angles with the plane pass¬ 
ing through the clips and the axis of the 
specimen. 

Sirohmeyer^s Roller Exknsometer^ Fig. 79, 

was designed in 1886, and is a double-roller 

extensometer. The apparatus consists of 

a roller carrying a needle, which is centered 

with respect to a graduated scale. The 

roller moves between side-bars extending to 

clips which are fastened to each end of the 

s})ecimcn. The tension between these side- 79--“The Steoh- 

1 ( 1.11 * MKYEK Extensometer. 

bars can be regulated by a spring with a 

screw adjustment. The o))jcctions to this form of extensometer are 
due, first, to slipping of side-bars on the roller, and second, to the 
difficulty in making the roller perfectly round. 

Regarding the various forms of extensometers, the writer would 
say that his experience has covered the use of nearly every 
form mentioned, and none have proved to be superior in 
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accuracy to that with the double micrometer-screw, and few can 
be applied so readily. 

The Paine Extensometer.. — This instrument, 
shown in Fig. 8o, operates on the principle of the 
bell-crank lever, the long arm moving a vernier 
over a scale at right angles to the axis of the speci¬ 
men. It reads by the scale to thousandths of an 
inch, and by means of the vernier to one ten-thou¬ 
sandth of an inch. Points on the instrument are 
fitted to indentations in one side of the test-piece, 
r^jljjW and the instrument is held in place by spring clips. 

^ yfnm historical importance, having been in¬ 

vented by Colonel W. H. Paine, and used in the 
tests of material for the Brooklyn Bridge, and 
also on the cables of the Niagara Suspension 
Bridge when, a few years since, the question of its 
strength was under investigation. 

Buzby Hair-line Extensometer. —This is an 
extensometer in which the deformation is utilized 
to rotate a small friction-roller connected with a 
graduated disk as shown in Fig. 8i. A projecting 
pin placed in the axis of the graduated disk is held 
between two parallel bars, each of which is con¬ 
nected to the specimen. The deformation is 
magnified an amount proportional to the ratio 
of diameters of the disk and pin. The amount 
of deformation is read by noting the number of 
subdivisions of the disk passing the hair-line. 
To prevent error of parallax in reading, a small 
mirror is placed back of the graduations, and 
readings are to be taken when the graduations, 
the cross-hair, and its reflection are in line. 
In the late styles of this instrument the disk 
is made of aluminum, with open spokes, to reduce its weight. 

To operate this instrument it is only necessary to clamp it to the 
specimen, to adjust the mirror and cross-hair, and then to revolve 
the disk by hand until the zero-line corresponds with the cross-hair 



Kio. 8o.—P ainx 
Extensometer. 
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and its reflection. Stress is then applied to the specimen, and read¬ 
ings taken as desired in the manner described. 



FJo. 81. — Bczby Hair-line Pro. 82. — Johnson 

Extensometer. Extensometer. 


Johnson Extensometcf. —Johnson extensometer, shown in Fig. 
82, is a modification of the Strohmeyer, the elongation being 
denoted by the motion of a needle over a graduated scale. The 
elongation for each side is shown separately, and the algebraic sum 
of the two readings gives the total elongation. 

Thurston's Extensometer. — This extensometer was designed by 
Prof. R. H. Thurston and Mr. Wm. Kent, and was the first to 
employ two micrometer-screws, at equal distances from the axis 
of the specimen. These were connected to a battery and an electric 
bell In such a manner that the contact of the micrometer-screws 
was indicated by sound of the bell. The method of using this 
instrument is essentially the same as that of the Henning and 
Marshall instrument, to be described later. 
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With instruments of this nature a slight bending in the specimen 
will be corrected by taking the average of the two readings. 

The accuracy of such extensometers depends on — 

1. The accuracy of the micrometer-screws. 

2. The screws to be compensating must be two in number, in the 
same plane, and at equal distances from the axis of the specimen. 

3. The framework and clamping device must hold the micrometers 
rigidly in place, and yet not interfere with the application of 
stress. 

The Henning Exiensomeler ,—This instrument, which was de¬ 
signed by G. C. Henning and C. A. Marshall, is shown in Fig. 83. 

It is constructed on the same gen¬ 
eral principles as the Thurston 
Extensometer, but the clamps 
which are attached to the speci¬ 
men are heavier, and are made so 
that they are lield firmly in posi¬ 
tion by springs up to the instant 
of rupture. This extensometer is 
furnished with links connecting 
the two parts together. The links 
are used to hold the heads exactly 
eight inches ajiart, and are un¬ 
hooked from the uj^per head 
before load is applied to the 
,, specimen. The micrometer is 

Fk;. 8 s. — Henning Fxtensometer. 1 . i 1 . 

connected to an electric bell in 
the same manner as the Thurston extensometer, 

Henning's Mirror Exlensomeler* —In 1896 (ius. C\ Henning 
designed a mirror extensometer dilTering in several iiarticulars from 
that of Bauschinger. The instrument is intended for accurate 
measurements of the extension or compression on both sides of the 
test-piece within the elastic limit, and is said to fulfil the following 
conditions: (a) It is apjilicalde for measures of extension or com¬ 
pression. (6) Readings in either direction, negative or positive, can 
be taken without interruption or adjustment. {() The instrument 
* See Transactions American Society Mechanical Engineers, Vol. xviii. 
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is free from changes of shape during the test, {d) There is neither 
slip nor play of the working parts. 

The instrument consists of two parts; the first is a telescope 
provided wdth levelling-screws, mounted on a horizontal and vertical 
axis and furnished with supports for two linear scales, which may 
be arranged so that the reflection will show' in mirrors attached to the 
specimen. The second part consists of a frame which can be fas¬ 
tened to the test-specimen near one end by opposing, pointed screws, 
and which is connected to spindles carrying the mirrors by spring 
side-bars, A i)ortion of each mirror-spindle is double knife-edged, 
and when adjusted is brought in contact on one side with the test- 
piece, and on the other with the spring side-bar. The elongation 
of the tcst-piccc causes an angular motion of the mirror, w^hich in 
turn causes a multiplied motion of the reflection of the scale as seen 
from the lclCvScoi)c, The mirrors arc so arranged that the reflections 
from both scales can be seen continually and without adjustment 
of the telescope, and the aj)paratus as a whole has fcw'cr parts and is 
more readily adjusted than the Bauschingcr. It is limited to a total 
elongation of about 0.04 inch and hence is accurate only for measure¬ 
ments w'ilhin the elastic limit. 

The Marshall Exinisomeler .—This ex- 
tensometer, shown in Fig, 84, is the latest 
design of the late Mr. C, A. Marshall, 

Its {)rincipal dilTcrencc from the Thurston 
extensometer is in the convenient form of 
clamps, wdiich are wvW showm in the cut, 
and in the spring apparatus for steadying 
the low'er part. 

The micrometer-screw used with this 

instrument has a motion of only one inch. 

When the motion exceeds the range of the 

micrometer-screw^s, the movable bars BP, 

B'P' are changed in position, and a new 

series of readings can be taken with the 84.-—The Marshall 

Extensometer, 

micrometer-screw. 

The following are the directions for connecting up the electric 
bell circuits used with e.xtensometers of this type: 
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Rim wire (Fig. 84) from one terminal of battery to lower clamp 
at A , from B and B' to binding-post C on the electric bell, from the 
other binding-post marked D to switch and 

t from there back to the other terminal of 

To measure deformation, screw up the microm¬ 
eter screw on one side until the bell indicates 
contact, then back off very slowly until the circuit 
breaks, then take the reading. After this, back 
off the same screw a little more to prevent its 
making contact when working with the other 
side, and repeat the same })rocess with the other 


II I Boston Micrometer Extemometcr ,—This instru- 

J||U nient consists, as shown in Fig. 85, of the grad- 
uated micrometer-screw, reading in thousaindlhs 
up to one inch, and having j)ointed cxtenAJon- 
pieces attached, for gauging the distance between 
the small projections on the collars fastened to 
Fig 85. — Bosion the specimen at the projHT distance. These 
ExTENsovoiThR collars are made partly self-adjusting by the 
springs which help to centralize them. They are then clam])ed in 
place by means of the 
pointed set-screws on I III 

the sides, and meas- 

uremenls are made ^ 

between the j)rojec- 'fr n L'f 

tions on opposite sides I ' 1 ' ‘1 

of the specimen and |jj| ] k .V ^ZJi 

compared, to denote ^ 

any changes in shape I fj ^ 

or variations in the ijjj i 

two sides. H 

The Brown and at 

Pig. 86. — Ojsen Nfw Lxtensometer. 

Sharpe micrometer 

can readily be used with similar collars, thus forming an exten- 
someter; the accuracy of this form is considerably less than those 
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in which the micrometers are fixed, but it will, however, be found 
with careful handling to give good results. 

The New Exten- 
someter. — This is a 
type which is finding 
extended use. Fig. 

86 shows its con¬ 
struction, method of 
attachment and of op¬ 
eration without fur¬ 
ther explanation. By 
the use of auxiliary 
sleeves, the same type 
of instrument may 
also be used in the 
testing of wire, Fig. 

87. 

Of the various 
cxtensomclers de¬ 
scribed, the Paine, 

Buzby, and Marshall, 
arc manufactured by 



Fig. 87. — Olse\ New Wire Extensometke. 


Riehl6 Bros., Philadelj)hia: the Thurston 
and New by Olsen of Philadelphia; the others, by the respective 
designers. 

64. Combined Eztensometer and Autographic Apparatus.— 

Various methods have been devised whereby the stress and strain 
diagram may be obtained directly by action of the testing ma¬ 
chine. All of these devices consist essentially of a drum which 
carries the paper ujxjn which the diagram is to be drawn and w'hose 
movement about its own axis is usually determined by the deforma¬ 
tion of the test-piece multiplied in some ratio. Thus motion around 
the drum records strain. The pencil drawing the diagram is moved 
along the drum in some proportion to the movement of the poise 
along the weighing beam. Thus the combined motion of drum and 
of pencil produces the diagram. 

Some of this autographic apparatus is quite elaborate. The 
Riehl6 Gray apparatus built by Riehl6 Bros, is able to produce 
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a double diagram, one showing the entire curve to the breaking point 
of the specimen; the other, by multiplying the elongation within the 
clastic limit, shows the characteristics of the material up to the yield 

point. The type of diagram ob¬ 
tained is shown in Fig. 88. 

A simpler type of autographic 
apparatus, also built by the same 
company, is shown attached to 
the machine in Fig. 89. Here 
the deformation movement of 
the specimen is converted into 
circular motion of the drum, 
while the pencil moves up along 
the drum in projxjrtion to the 
load. 

The Olsen autographic device 
is shown attached to the ma¬ 
chine in Fig. 90. The drum is 
here supported parallel to the 
beam. The pencil is carried by 
a fine threaded extension of the 
beam screw. Thus movement 
parallel to the drum represents load. The deformation of the 
specimen is followcxl by contact fingers by means of which the 
movement is multiplied five times and converted into the rotary 
motion of the drum. This mechanism is used to draw the entire 
diagram for the detection of the yield point, the determination 
of the breaking load, etc. For the mo*-e accurate work required 
within the elastic limit an auxiliary attachment is furnished which 
multiplies the deformation 500 times. 

Concerning any autographic^ apparatus of this type the fol¬ 
lowing points should be kept in mind. Owing to slip in the jaws in 
the case of tension and yielding of the supports in the case of com¬ 
pression, that part of the apparatus recording the deformation 
should never be atUched to or rest against the heads of the ma¬ 
chine. Instead of this, collars on the specimen should always be 
used. Further, the more elaborate the apparatus, the greater the 


RIEHL^-GRAY EXTENSOMETER 

DOUOLE PENCtt CARO 



Fk;. 88. — .4u'ioGRAPmc Rhokd 
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chance for error of adjustment, for lost motion in the bearings and 
for bending and yielding in the levers. All these things affect the 
result, and while errors thus induced may not seriously affect the 
determination of the yield point, maximum load, breaking load, and 
total elongation, the results for the modulus of elasticity as deter¬ 
mined from the magnified curve should always be used with caution. 



The autographic apparatus so far described may be considered 
an integral part of the machine. Another type merely forms an 
auxiliary attachment to the ordinary cxtcnsometer. To this class 
belong the Henning pocket recorder and the Kenerson extensom- 
eter, the latter of which is showm in Fig. 91. In this instrument the 
upper clamp carries a drum w'hose motion about its axis is contwllcd 
by the movement of the poise on the weighing beam by means of a 
cord. The pencil is carried by a weight which can move up or down 
between two guide rods also carried by the upper clamp. This 
weight is suspended l^y means of two cords which pass over small 
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guide sheaves and which arc wrapped around two small pulleys 
carried by the micrometer screws. The rest of the apparatus is like 
an ordinary extensometer. As the specimen stretches and the 
contact points tend to separate, the weight piiQing on the cords 
rotates the pulleys and maintains contact. Thus motion of the 
pencil downward is proportional to the deformation. 



Fr< g2. — Rilhl/ Compression Micrometer. 


65. Instruments for Measuring Torsion, Deflection, and Com¬ 
pression.—Instruments for measuring the angle of torsion have 
already been discussed under Torsion Machines, see Art. 58. In¬ 
struments for measuring the deflection of a specimen subjected to 
transverse stress are termed defleciometers. 
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The deflectometer usually used by the author consists of a light 
metal-frame of the same length as the test-piece, imd arched or 
raised sufficiently in the center to hold a micrometer above the point 
to which measurements are to be taken. Jn using the deflectom¬ 
eter it is supported on the same bearings as the test-piece, and 



Fig. 93. — OiSEN Comcrkssion Micrometku 


measurements made to a point on the si)ecimen or to a point on the 
testing-machine which moves downward as the specimen is deflected. 
This instrument eliminates any error of settlement in the supports. 
There are a number of different types of instruments which may be 
used to measure compression. Some of the.se are modifications of 
the extensometer idea, see Figs. 92 and 93. Both of these are 
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Fig. 96. — Oi.sEN Compression Micrometer. 
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apparently open to the objection that they do not allow for the 
settling of the supports. The instrument shown attached to the 
cylindrical specimen in Fig. 94 avoids this source of error. 

Figs. 95 and 96 show two instruments which work on a some¬ 
what different principle. The first does not allow for the yielding 
of the supports, while the second works between collars on the 
specimen and is therefore independent of any movement of the 
supports. The instrument shown in Fig. 95 is also often used as a 
deflectometer in transverse testing. 



,-o 



CHAPTER V. 


STRENGTH OF MATERIALS, — METHODS OF TESTING. 

66. Standard Methods. — The im}x>rtance of standard methods oi 
testing material can hardly be over-estimated if it is desired to pro¬ 
duce results directly comparable with those obtained by other 
experimenters, since it is found that the results obtained in testing 
the strength of materials arc affected by the methods of testing and 
by the sixe and shape of the test-specimen. To secure uniform 
practice, standard me?thods for testing various materials have been 
adopted by several of the engineering societies, as wxdl as by asso¬ 
ciations of the different manufacturers. The general and special 
standard methods adopted by these associations form the basis of 
methods described in this chapter. 

67. Tension Testing. —Form 0} Test-pieces. —The form of test- 
pieces is found to have an important bearing on the strength, 
and for this reason engineers have adopted certain standard forms to 
be used. The form recommended by the Committee on Standard 
Tests and Methods of Testing, of the American Society of Mechani¬ 
cal Engineers, is as follow^s:* 

Specimens for scientific or standard tests are to be prepared with 
the greatest care and accuracy, and turned as nearly as possible 
according to the following dimensions. The tension test-pieces are 
to have dilTerent diameters according to the original thickness of 
the material, and to be, when expressed in English measures, 
exactly 0.4, o.O, 0.8, and 1.0 inch in diameter; but for all these 
different diameters the angle, but not the length, of the neck is to 
remain constant. This neck is a cone, not a fillet connecting the 
shoulders and body. The length of the gauged or measured part 
to be 8 inches, of the cylindrical part 8.8 inches. The length of the 
coned neck to be 2^ times the diameter, increasing in diameter from 

♦ See Vol. XI. of Transactions. 
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the cylindrical part to ij times the cylindrical part. The shoulders 
to have a length equal to the diameter, and to be connected with a 
round fillet to a head, which has a diameter equal to twice that of the 
cylinder, and a length at least the diameter.” 


[<_25 ^ - so— - 




“290 minimotrcs • 




£ 50 “ 






J. 
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o.i"r. ‘ I 
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Fig. 97.—Stani:>ard Te:st-piece in Tension. 
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Fig. 97 shows the form of the test-])iece recommended for tension; 
the numbers above the figure give dimensions in millimeters, those 
below in inches. For flat test-pieces the shape as shown in Fig. 98 
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Fig, 98,—Test-pie('e ior I’lat .Specimens. 


is recommended: such specimens are to be cut from larger pieces; 
the fillets are to be accurately milled, and Ibe shoulders made ample 
to receive and hold the full gri]> of the shackles or wedges. 

If wedges are used for fastening, the ends to be gripped should be 
at least 2 inches long. 

The length for rough bars when such are used as test-pieces is to 
be the same as for finished test-pieces, but the length of si)ecimen 
from the gauge-mark to the nearest holder is to be not less than the 
diameter of the test-piece if round, or one and a half timeslhe greatest 
side if flat. 

For commercial tc,sting the standard form cannot always be 
adhered to, and no form is recommended. The commonest form of 
test section in commercial work is J inch diameter and 2 inches gauge 
length. The ductilities found on this form of piece are much greater 
than would be given by the same material in the standard test-picce 
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form. Ductility is always a function of the ratio of length to diame¬ 
ter of the test section. The strength determinations are nearly 
independent of the shape of the test section so long as the gauge- 
length exceeds twice the diameter; with a shorter gauge-length the 
strengths will be too high. 

68 * Test-pieces of Special Materials.— Wood .—Wood is a difficult 
material to test in tension, as the specimen is likely to be crushed by 
the shackles or holders. The author has had fairly good success with 
specimens, made with a very large bearing-surface in the shackles, 
of the form shown in Fig. 98, for Hat specimens, but with the 
breadth of the shoulders or bearing-surfaces increased an amount 
equal toone-half tlic v idlh of thespecimen over thatshowm in Fig. 98. 

Cast iron, — Casldron s])ecimens of the usual or standard forms 
are very likely to be broken by oblicjuc deformations in tension-tests 
much before the true tensile strength has been reached. To insure 
perfectly axial strains Riehle Bros, propose a form of specimen 



shown in Fig. 99, A, B, and C. cast with an enlarged head, the pro¬ 
jecting portion of which, as shown in C, has a knife-edge shape. 
The specimen is carried in holders or sliacklcs, A and which rest 
on knife-edges extending at right angles to those of the specimen. 
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This permits free play of the specimen in either direction, and ren¬ 
ders oblique deformation nearly impossible. 

Chain. — In the case of chain, large links are welded to the ends, 
as shown in Fig. looj these are passed through the heads of the test¬ 
ing-machine and held by pins. 




Fig. ioo. — Chain Test-piece. 

Hemp Rope, —A similar method is used in testing hemp ro])e, 
the specimen being prepared as shown in Fig. 301. Special hollow 
conical shackles have also been used with success for holding the 
rope. 



Fig. 101 —Ropi Tesi-pjkce 


Wire Rope. —Wire-rope sj>ecirnens may be prepared as shown 
in Fig. 102 or heads may be made by pouring a mass of melted 



Fig. loi. — Wire Ropc Ifst-pilci: 


babbitt metal around the ends of the wires arranged in an iron cone 
as in Fig. 103. 



69. Directions for Tension«tests»—Examine the test-piece carefully 
for any flaw, defect, irregularity, or abnormal appearance, and see 
that it is of correct form and carefully prepared. Indentations from 
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a hammer often seriously affect the results. In wood specimens, 
abrasions, slight nicks at the corners, or bruises on the surface will 
invariably be the cause of failure. 

Next, carefully determine the dimensions, record total length, 
gauge-length (or length on which measurements of strains are made), 
also form and dimensions of shoulders. Divide the specimen 
between the gauge-marks into inches and half inches, which may be 
marked with a special tool, or by rubbing chalk on the specimens and 
marking each division with a steel scratch. Si)ecial gauges, as shown 
in Figs. 104, 105. and loO, are convenient for this purjwse. These 



] iG 10^. — Rn ULL L \\i\(r-OFF Gauge 



Fra. io6. -Ruhi/ Gaxjgi 


marks serve as reference {X)inls in measuring the elongation after 
rupture, and this elongation should be measured, not from the 
center of the specimen, but either way from the point of rupture, 
as explained below. 

The matter of properly holding the specimen is of the greatest 
importance. Unless special forms of test-pieces or self-aligning 
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grips are used, great care should be taken in the proper position of 
the wedges. Fig. J07, a to e, puhlislicd by the Rielile Co. shows 
the conditions that may exist when ordinary wedges are used. 
Fig. a shows the proper }>osition, both wedges and specimen bear¬ 
ing the whole length. Fig. h shows what may occur with a thin 



specimen. This grip may hold if the load is not too high, 1 )iit it is 
better to improve it by the use of liners, as in Fig. r. Fig. J siiows a 
condition tliat should never be allowed to exist. The grip is almost 
sure to fail before the lest is comjdete by the crushing of the top 
of the specimen, and above all the severe wedge action taking })Iace 
may split the head of the machine. 

A cure for the trouble is indicated in Fig. e, but the grip is not 
likely to stand high loads. 

See that the testing-machine is level and Ijalanced l)ef()re each 
test; insert the specimen in a truly axial ]x>silion in the machine. 

Attach the auxiliary apparatus for measuring stretch, or obtaining 
autographic diagrams. The method of attaching extensomelers 
wall depend on the special form used, but this act should alwaj’s be 
carefully performed, and the specimen exactly centcTcd in the exten- 
someter, and the gauge-points arranged 8 inches apart. I'he fol¬ 
lowing directions for applying and using the Henning exlensomeler 
will serve to show the method to be used in all cases. 

The Henning extensometer (see Fig. 83) is attached and used 
as follows; Before attaching the instrument, adjust the knife- 
edges in the clamps by means of the tw’^o milled nuts so that they are 
equally distant from the frame and a distance aj^art a little smaller 
than the diameter of the test-piece. Then, since the springs acting 
on the knife-edges are of ecpial strength, the instrument will adjust 
itself in the plane of the screws symmetrically with respect to the 
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test-])iece. Advance or withdraw the set-screws until their points 
are equally distant from the frame and far enough apart to admit the 
test-piece. 

Separate the upper portion of the inslrumenty put it around the 
test-piece (already inserted in the machine), near the upper shoulder, 
with the smaller part to the right, force together and fasten securely. 
Advance the set-screws simultaneously until their points indent the 
test-piece. Separate the lower portion, put it around the test-piece 
with the vertical scales to the front, force together and secure. 
Hang the links on the proper bearings on both portions of the instru¬ 
ment. Then advance the set-screws as above. Throw the links 
out, take readings of the micrometers, ap])ly the first increment of 
load, and ];rocced with the test as directed. To read the microme¬ 
ters make the electrical connections; advance one micrometer until 
the bell rings announcing contact, back off barely enough to stop 
ringing. Read that side of the instrument. Back that side off 
further, and run u}) the other side and read as with tlie first. Read 
break of circuit. The vertical scale and the micrometer head are 
graduated so that readings to inch can be obtained directly. 

Calculate from the supjKised coefficients of the material the 
jirobable lend at elastic limit. Take one-tenth of this as the in¬ 
crement of load. The Committee on Standard Tests, American 
Society of Mechanical Engineers, recommend that the increment 
be onc-half or one-third that of the probable load at the elastic limit, 
thus giving larger strains but fewer observations. Apply one in¬ 
crement of load to the specimen before measurements of elonga¬ 
tion arc made, since by loading specimens uj) to iocx5 or 2000 pounds 
per s(}uare inch the effect of initi<il errors, such as occur generally 
at the commencement of each test, are lessened. The auxiliary 
apparatus adjusts itself somewhat during this period of loading, and 
the specimen assumes a true position should any slight irregularity 
exist. After passing the clastic limit, wdiich will be indicated by the 
jump in stretch as shown by the extensometer, the test is run by apply¬ 
ing the stress continuously and uniformly without intermission until 
the instant of ru]>ture, only stop])ing at intervals long enough to 
make the desired observations of stretch and change of shape. The 
stress should at no time be decreased and reapplied in a standard 
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test, but should be maintained continuously. The auxiliary appara¬ 
tus for measuring strain must be removed before rupture takes 
place, exc'ept it is of a character not likely to be injured. It should 
usually be taken off very soon after the elastic limit is passed; 
although for ductile material it may be left in place for a longer time 
after the elastic limit has been passed than for hard and brittle 
materials. After the removal of the exlensometer the stretched 
length of the test section may be measured with dividers. I'he 
material is to be loaded until fracture takes place, keeping the beam 
floating, after which the distortion for each part is to be measured by 
comparison with the reference divisions on the test-piece, measured 
from the point of rupture as previously explained. It is to be noted 
that measurements within the elastic limit arc of especial impor¬ 
tance, since materials in use are not to be strained beyond that point. 

Remove the fractured piece from the machine; make measure¬ 
ments of shape, external and fractured surface; give time required 
in making the test.* 

In recording the results of tests, loads at elastic limit, at yield- 
point, maximum, and instant of rupture are all to be noted. 

The load at elastic limit is to be that stress which produces a 
change in the rate of stretch. 

The load at yield-point is to be that stress under which the rate of 
stretch suddenly increases rapidly. 

The maximum load is to be the highest load carried by the test- 
piece. 

The load at instant of rupture is often not the maximum load, 
but a lesser load carried by the specimen at the instant of rupture. 

In giving results of tests it is not nec^^^sary to give the load per unit 
section of reduced area, as such figur^^^b of no value: (i) because it is 
not always }X)ssible to obtain ikd at instant of rupture; (2) 
because it is generally impos^iR^" Fifobtain a correct measurement of 
the area of section after ^ (3) lastly, because the amount of 

reduction of area may be f^Sndent upon local and accidental con¬ 
ditions at the point of rupture. The modulus or coefficient of 
elasticity is to be deduced from measurements of deformation ob¬ 
served between fixed increments of load per unit section; as between 

See Report of CoiUliiiti;ee on Standard Tests, Vol, XL, Am. Society Mech. Engr« 
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2 cx)o ]X)unds jTcr square inch and 12,000 pounds per square inch; or 
between 1000 pounds per S(|uare inch and 11,000 pounds per square 
inch. With this precaution several sources of error are avoided, 
and it becomes possible to compare results on the same basis. 

The character of the fracture often affords important information 
regarding the material. The structure of the fractured surface 
should be described as coarse or fine, either fibrous, granular, or 
crystalline. Its form, whether plane, convex, or concave, cup- 
sha])ed above or below, should in each case be stated. Its location 
should be accurately given, from marks on the specimen one-half inch 
or less apart. The reduction of diameter which accompanies fracture 
should be accurately measured. Accompanying the re{X)rt should 
be a sketch of the fractured specimen. 

Fracture occurs usually as the result of a gradual yielding of the 
])articles of the specimen. The strain, so long as the stress is less 
than the maximum load, is distributed nearly uniformly over the 
specimen, but after that point is passed the distortion becomes nearly 
local; a rapid elongation with a corresponding reduction in section is 
manifest as affecting a small portion of the specimen only. This 
action in materials wdth sensible ductility takes place some little 
time before rupture; in very rigid materials it cannot be perceived at 
all. This peculiar change in form is spoken of as “necking.*^ 

d 
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Fig. 108. 



The drawing, Fig. 108, shows the appearance of a test-specimen in 
which the necking” is well developed. Rupture occurs at b —6, 
a point in the neck which may be near one end of the specimen. 

In order to measure the elongation of the specimen fairly, a cor¬ 
rection should be applied, so that the reduced elongation shall be 
the same as though the stretch either side of the point of rupture 
were equal. This can only be done by dividing up the original 
specimen into equal spaces, each of which is marked so that it 
can be identified iifter rupture. 
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Suppose that twenty spaces represent the full length between 
gauge-marks: then if the rupture be at &—6, nearest the mark o, Fig. 
io8, three spaces to the left of the nearest gauge-mark, the total length 
to compare with the original length should be o to 3 on the right, 
plus o to 10 on the left, plus the distance 3 to 10 on the left. These 
spaces are to be measured, and the sum taken as the total length after 
rupture. The stretch is the difference between this and the original 
length; the percent of stretch, or elongation, is the stretch divided 
by the original length. 

Report of Tension-tests .—In the report describe the testing- 
machine and method of testing, the form and dimensions of the 
specimen, the character and position of rupture. Make a sketch of 
the break. Submit a complete log of test (see blank form below). 
Calculate strength at clastic limit, maximum strength, and breaking 
strength, and moduli of elasticity and resilience. Plot a slress-detor- 
raation diagram on squared paper. Two scales for deformation 
should be used, one such that the elastic line shall have a slope of 
about 45^^ actual on the paper and the other such as to show the 
whole test. Both abscissa sctdings should use the same scaling of 
ordinates. 

The following form is used in Sibley College, Cornell University, 
for both tension- and compression-tests: 

MECHANICAL LABORATORY^-SIIILKY C(;LLKGE, CORNELL 
UNIVERSITY. 

Test of.by.. 

Kind of Test. 

Material from... 

Machine used. Late. iq 

Time of Testing.. , . .min. Temp.degrees F. 
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Original I^ength.in.. Diameter.in., Area. sq. in 

Final “ . “ “ . “ “ . 

Form of Section.Fracture, Position.... Character.. 

Modulus of n'silicnce.....*. 

L)ad per sq. inch, Elastic limit....Max.. Breaking.. 

Equivalent elongation for 8 inches.inches. Ductility...per cent. 

Reduction area....per cent. Local elongation each half inch, from toj), 

1st.2d.3d.4th.5th.6th.7th...Sth... 

9th.joth.mb.i?th.13th. .i4lh ....15th.. .. .i6th. 

70. Compression Testing,— Form 0} Test-pieces, —Test-pieces are 
in all cases to be prepared with the greatest care, to make sure that the 
end surfaces tire true parallel planes normal to the axis of the specimen. 

1. Short Spctimem, standard test-specimens for metals 

are to be cylinders 2 inches in length and i inch in diameter, when 
ultimate resislancc alone Is to be determined. 

2, Specimens, —For all other purposes, especially when 
the elastic resistances are to be ascertained, specimens i inch in 
diameter and jo or 20 inches long are to be used in the case of metal 
testing. Standard length on wdiich deformation is to be measured is 
to be 8 incht^^, as in the tension-tests. Greatest care must be taken 
in all cases to insure .s(|,uare ends and that the force be ajjplied axially. 

The specimens are to be marked and the compression measured 
as explained for tension-test pieces. 

71. Directions for Compression-tests. —i. Short Pieces, —In case 
of short pieces, measurements of deformation cannot be made on the 
test-piece itself, but must be made between points on the heads of the 
testing-raacliine. It is necessary to ascertain and make a correction 
for the error due to the yielding of the parts of the testing-machine. 
This is done as follows: Lower the moving-head until the steel com¬ 
pression-plate presses on the steel block on the lower platform with a 
force of about 500 pounds. Attach the micrometers to a special 
frame, which Is su]}ported by the upper jdatform, and read to a point 
on the movable head. With load at 500 pounds, read both microm¬ 
eters, Apply loads by increments of 1000 pounds up to three-fourths 
the limit of the machine, taking corresponding readings. Plot a 
curve of loads and deflections with ordinates i long division « 1000 
pounds, and abscissa? i long division = 0.001 inch. From this 
curve obtain corrections for the deflections caused by the loads used 
in the compression-test. In making the test calculate the increment 
of load as explained for tensile test, Article 69. Conduct the experi- 



























126 


EXPERIMENTAL ENGINEERING 


ment in the same manner as for tension, except that the stress is 
applied to compress instead of to stretch the sj)ecimen. If the 
material tested is hard or brittle, as in cast iron, care should be taken 
to protect the person from the pieces wliich sometimes fly at rupture. 

Report and draw curves as for tension-tests. 

2. Long Pieces. — In this case the extensomelcrs used for tension- 
tests can be connected directly to the si)ecimen, and the measure¬ 
ments taken in substantially the same way, excc[)t that the heads of 
the extensometer will ap})roach instead of recede from each other; 
this makes it necessary to run the screxvs back each time after taking 
a measurement a distance greater than the compression caused by 
the increment of load. In case large s})ecimens are tested horizon¬ 
tally, initial llcxion is to be avoided by countenveighting the mass 
of the test-piece. 

Calculate the increment of load as one-tenth the breaking-load 
given by Rankine’s formula. Article 43, page 56. Apply the first 
increment and take initial reading of micrometers; continue this 
until after the elastic limit has been passed, after which remove the 
extensometer, and apj)ly load until rupture takes place. Protect 
yourself from injury by flying pieces. Compute the breaking 
coefficient C by Rankinc’s formula, and compare with the value 
asually assumed. 

Compute the modulus of elasticity by ^ as in the tension-test. 

Note in the report load at elastic limit, yield-point, and ultimate 
resistance, as well as increase of section at various points, and total 
compression, are calculated as explained for tension. 

Submit a load-deformation diagram, and follow the same gen¬ 
eral directions as prescribed in the reix)rt for tension-testing. 

72. Transverse Testing. — Form oj Test-pieces. — For standard 
transverse tests, bars one inch square and forty inenes long are to 
be used, the bearing blocks or supports to be exactly thirty-six 
inches apart, center to center. For standard or scientific tests 
of cast iron, such bars are to be cut out of a casting at least two 
inches square or two and a quarter inches in diameter, so as to 
remove all chilling effect. For routine te.sts, bars cast one inch 
square may be used, but all possible precautions must be taken to 
prevent surface-chilling and porosity. 
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Test-baxs of wood are lo be forty inches in length, and three 
inches square in section. 

73. Directions for Transverse Tests. —Arrange a tension-compres¬ 
sion machine for the transverse test by putting in supporting abut¬ 
ments and a loading head in the center, or use a special transverse- 
testing machine. The test-piece is usually a prismatic beam, 
loaded on a three-foot length, the load being applied at the center. 
The data re(}uired are loads and deflections at the center. 

Sharp edges on all bearing-pieces are lo be avoided, and the use 
of rolling bearings which move accurately with the angular deflec¬ 
tions of the ends of the bars is recommended; otherwise the distance 
between fixed supports measured along the axis of the specimen is 
continually changing. 

Place the test-bar upon the supports, and adjust the latter thirty- 
six inches apart between centers, and so that the load will be ap¬ 
plied exactly at the middle. Obtain the necessary dimensions, and 
calculate the probable .strength at elastic limit and at rupture by 
means of the formula p — Pie s- 4 /. (See Article 44, ])age 60.) 
Adjust the s[)erimen in the machine in a horizontal plane, and 
apply the stress at the center, normal to the axis of the specimen. 

Measure the deflections at the center from a fixed plane or base, 
allowing for the settling of the .supjwrts, or by a special deflect- 
ometcr. (See Article 65, page in.) 

Balance the scale-beam with the test-bar in position and the 
cleflectometer lying on the platform. Set the poise for one increment 
of load and apply stress until the beam tips. Place the poise at 
zero, and balance by gradually removing the load. Place the 
dcflectomctcr in position on the supports, and with the micrometer 
at zero make contact and record zero-reading and zero-load. 

Apply the load in uniform increments equal to about one-tenth 
the calculated load for the elastic limit, stopping only long enough 
to measure the deflections. Wrought-iron is to be strained only 
until it has a sensible permanent set, but cast iron and wood are 
to be tested to rupture. 

74. Report of Transverse Tests.— In the report describe the 
machine, method of making test, form of cross-section, peculiarities of 
the section, and make a sketch showing position and form of rupture. 
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Submit a complete log of the test together with a stress-deformation 
curve. Calculate the unit stresses and deformations by the formu¬ 
las given in Article 44, table i, page 60. 

The following is a form for data and results of a transverse test; 


MECHANICAL LABORATORY —SIBLEY COLLEGE, CORNELL 

UxNIVERSlTY. 


Log and Report of Transverse-test 

Material.from. 

Breadth, h .in. Height, h, ...in. 

Length between supports, /,.in. Max. Fiber distance, . ..in. 

Moment of inertia, 7,.... 

Load applied at center of test length. 

Testing Machine . Observers 

Time. hrs.min. '-"iserxcrs 

Date.19. ... 


No. 

Loiul, 

P. 

StroHs 
por in 

Ouitpr 
Fiber 
/>. 

Befloction. 

Tteliitfve JDcfonna- 
lion in 

Outei FiboiH. 

Mod ulna of KIiih- 
tk'ity, 

11)8. por in., E, 

Homling, 

indies. 

iTotal 3>e. 
1 flection, 

! in., d. 

Culcnlalcd 

1 (/oire<‘to<l 
j lor 55oro 
Error,«. 

1 


! 1 

1 ' 

1 _ 1 . . . 




2 1 



( 1 



.... j... 
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5 
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Actual 

Load, 

]b». 

J>cfl(N> 

tlon, 

iriclios. 

Stre«8 pnr su, in J 
in Outer Fiber. 

HobitlvoDoforni' 
atioii in Outer 
Fiber. 

Greatest Vertical or 
Hortaoutal Shear 
otresa, lb». per sq. in. 

AtBlastic Limit 






At Maxim am D>ad 
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Modulus of Elasticity, E, .*lb». per sq. in. Modulus of Resiliwvc^ 

Ut .in. lbs. per cu. in. 

f-r"- (w)-"-*-®-'’ 

, ia« , t>h j 
4 — e' + zero correction. 

E • U at elastic limit (at break for brittle materials). 

75. Torsion Testing. — Form of Test-pieces. — For standard 
tests, cylindrical specimens with cylindrical concentric shoulders 
are to be used; the two are connected by large fillets. The speci¬ 
men is to be held in the heads of the machine by three keys, inserted 
in key-ways J inch deep, cut in the shoulder. In commercial 
testing the ends of the specimen arc usually held in self-centering 
jaw-chucks on the heads of the testing-machine. 

76. Directions for Torsion-Tests. — i. With Olsen or Riehle Ma¬ 
chines, — The general method of test is like that of the transverse 
test, as to choice of increment of load, etc. For measuring elastic 
deformations arms are attached to the piece as described in Article 
59, i^age 95. For measuring the deformation at the break there 
should be scribed on the piece before loading a line parallel to the 
axis, .\fter the break the distance along tlie piece in which this 
line makes one or more comjdcte turns can easily be measured, and 
by proportion the number of turns, or angle of twist, in the test- 
length can then be computed. The final dimensions of the test- 
section should be taken. 

The rc{)ort sliould describe the test-piece and testing-machine, 
method of te.st, and action of the material under stress. Note 
position and character of fracture. Calculate the unit stress and 
deformation in the outer fiber. Submit a log of test (see form 
below) and a curve showing the variation of unit stress against 
unit deformation, similar to the tension-test. Calculate the mod¬ 
uli of elasticity and resilience in shear. The following is a form 
for reporting a torsion-test*. 


Formulas (for 
central loading): 

Thc<ic formula.s ore 
true only for elas¬ 
tic action of the 
matcriaJ. 
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MECHANICAL LABORATORY — SIBLEY COLLEGE, CORNELL 

UNIVERSITY. 


Zo^ and Report of Torsion-desL 


Material.From... 

Diameter, d,.in. Max. Fiber distance, r,.in. 

Length between measuring arms, /.in. Length of measuring arms, X,.in. 

Testing machine. f. 

Time.hrs.rain. Observers -j 


Date. 


. 




No, 

Moment of 
Torsion, 
in.-lbs. 

Blnearing 
Strega, 
per o inch 
at surface 

Angle of Toreion. 

Helix 
Angle 
at Surface, 
It Measjire 
A 

i 

Mmlulag of 
Higidity, 
per 

HQ. in.»“ A# 

Scale 

Reading, 

inches. 

Distance 
on Arc, 
Inches 

■=*> A 

Total tr 
Measure 

cci a 

1 
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2 






1 . 

1 
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. ! . . 1 
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Monunit of 
Torsion 

Angle of 
Torsion 

Shearing Stress, lbs 
persq.m at SnHace. 

llclijt Angle 
at SnrfjAce. 

Elastic Limit . 

Me- 

aE~-«* 

1 

. 

Maximum. 

Mm =>« 

am”* 1 

1 qm 

.. 


Modulus ofRigrdity, a, a'vCT^e. 'TTfbs per sqTinT Modufulof RS'lien^? 

Uy .m. lbs per cu. m, * ^ 


Within or near elastic limit 

2 i6 


q - 

V ■■ 




V(P 


• M 


r 

ya 

i 


A 

L 


At maximum load (break) 
qm — modulus of rupture 

irr 

g, true shear stress in surface, for 
ductile materials, - j q^) 

tan - .a 


Formulas 
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2 . WUh Thurston Autographic Machine .—Special test^pieces 
are used, generally with a test section about f inch diameter and 
2 inches or less long, with the ends of the piece square to hold in 
the wedges. The pieces are generally turned from square stock of 
size somewhat greater than the desired diameter of test section. 

Determine first the maximum moment of the pendulum. This 
may be done by swinging the 2)endulum so that its center-line is 
horizontal, supporting it on platform-scales and taking the weight 
and the distance of the jwint of support from the center of suspen¬ 
sion of the i)endulum. The j^roduct of these two quantities is the 
maximum moment of the pendulum. Make three determinations, 
using different lever-arms, and take the mean for the true moment 
of the pendulum. A correction for the friction of the journal of 
the pendulum must be made. When hanging vertically, measure 
with a spring-balance, inserted in the eye near the bob, the force 
necessary to start the i>endulum. Add this moment to that obtained 
above, and the result is the total maximum moment of the pendu¬ 
lum. From this the value of the moment for any angular position 
may be calculated. 

Note the variation of position of the pencil-i)oint between the 
vertical and the horizontal }x)silions of the i)endulum. This distance 
laid down on the F-axis of the record-sheet corresjjonds to the max¬ 
imum moment obtained above, whence calculate the value of one 
inch of ordinate. Calculate the length corres])onding to one degree 
on the surface of the paijer drum, parallel to the X-axis. This will 
be the unit to be used in calculating the angle of torsion. Fix the 
paper on the drum and draw the datum-line or X-axis. Insert 
the test-piece between the centers and screw in the center until the 
neck of the test-piece is about midway between the jaws. Wedge 
the test-piece between the jaws as firmly as possible by hand, and 
then tap the wedges slightly with a copper hammer. Throw the 
worm into gear and turn the handle slowly and steadily until rup¬ 
ture occurs, unless set-lines are taken. Take the record of all the 
test-pieces on the same sheet with the same origin of co-ordinates. 
The diagram is drawn by attachment to the working parts of 
the frame, and consequently any yielding of the frame or slipping 
of the jaws appears on the diagram as a strain or yield of the 
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specimen. The angular deformation a, as obtained from the dia¬ 
gram, is likely to be too great, especially within the clastic limit. 

The characteristic form of diagram given by the torsion-machine 
is shown in Fig. 109, in which the results of tests of several materials 
are shown. In these diagrams the ordinates arc moments of torsion 
(M), the abscisste are developments of the angle of torsion (a). 



Save that measurements from these autographic diagrams lake 
the place of data and curves of the usual testing, the method of 
working up the test is as given above. 

77. Testing in Direct Shear. — Satisfactory direct-shear tests are 
difficult to make. In the commonest form of tliis test, a pin of 
material is broken in double shear, by fitting it through three links, 
pulling or pushing the outer links past the central one. The arrange¬ 
ment must be rigid and must not allow either shearing force to 
acquire a lever-arm; yet friction between the links themselves must 
be small More information about the properties of a material 
under shear stressing can be had from a torsion-test than from a 
test in direct shear. The latter test gives the ultimate strength only; 
the torsion-test gives the elastic strengths and moduli, 

78. Impact Testing. — No universally acceptable impact-testing 
machine has yet been devised. The results of impact tests vary 
from machine to machine, as well as from material to material. 

The following are directions for testing cast-iron with Heisler’s 
impact-testing machine. (See Article 60, p. 95.) Take a transverse 
test-bar of cast-iron and place it in the machine, cope side out, so 
that the blow will be struck in the middle of its length. Arrange 
the autographic device so that it will register the deflection of the bai. 
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Place the tripping device or “dog” for a fall of two inches. Catch 
the bob at this i>oint, and trip at every notch above successively 
until the bar breaks. Note the maximum height of fall. Report 
on the e.xperimcnt the behavior of the test-bar and character of its 
fracture, and the number of impacts and the force in inch-pounds 
of the last blow. Compute the resilience of the test-piece. Try a 
similar bar at same ultimate fall, and observe the number of blows 
required to break it. Draw conclusions. Write complete report, 
and give moduli and coefficients. 

7Q, Drop>tests. — Drop-tests are a form of impact test used on 
railway materials, as car wheels, axles, etc. The specification calls 
for the taking w'ithout rupture of a certain number of blows from a 
certain height. The following method of making drop-tests has 
been recommended by the Committee on Standard Methods of 
Testing apjKjinted by the American Society of Mechanical Engi¬ 
neers, and is substantially the same as adopted by the German 
Engineers at Munich in 1888: 

Drop-tests are to be made on a standard drop, which is to embody 
the following essential points: 

a. Each drop-test apparatus must be standardized. 

h. The “ ball” {falling mass) shall weigh 1000 or 1500pounds; the 
smaller is, how-ever, preferable. 

c. The “ball” may be made of cast iron, cast or wrought steel; 
the shape is to be such that its center of gravity be as low' as 
jKtssible. 

d. The striking-block is to be made of forged steel, and is to be 
secured to the “ball” by dovetail and wedges in a rigid manner, and 
so that the striking-face is placed strictly symmetrical about and 
normal to its vertical axis passing through the center of gravity. 
Special permanent marks are to indicate the correctness of the face 
in these rcsi)ects. 

Special marks should be made to indicate the center of the anvil- 
block. 

e. The length of guides on the ball should be more than twice the 
width between the guides, w'hich are to be made of metal; i.e., rails 
so placed that the ball has but a minimum amount of play between 
them. Graphite is recommended as lubricant. 
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/. The detachment or shears must not cause the ball to oscillate 
between the guides, and must be readily and freely controllable, 
with the point of suspension trul)- above the center of gravity of the 
ball; and a short movable link, chain, or rope is to be fixed between 
the ball and shears or detachment. 

g. When a constant height of drop is used, an automatic detach¬ 
ing de\'ice is recommended. 

h. The bearings for the test-piece are to be rigidly attached to the 
scaffold or frame, and they should be, wherever possible, in one 
piece with it. 

l . The weight of frame, bearings, and anvil-block should be at 
lea,st ten times that of the ball. 

/. The foundation should be inelastic, and consist of masonry, 
the dimensions of which are to be determined by the locality and 
subsoil. 

k. The surface struck should always be accurately level; therefore 
proj)er shoes or bearing-blocks are to be pro\ided for testing rails, 
axles, tires, springs, etc., etc., to insure a proper level up])er surface; 
these blocks are to be as light as possible. 

The exact shape of these bearing-blocks is to be given in each 
test report. 

/. The gallows or frame should be truly vertical and the guides 
accurately parallel. 

m. The height of fall of ball should be 20 feet clear, between 
striking and struck surfaces. 

n. Drops which by friction of ball on guides absorb two per cent 
of the work due to impact are to be discarded. 

0. For tests on large .specimens a ball weighing acoo ix>unds is to 
be used. 

p. A sliding-scale is to be attached to the frame, and in such a 
manner that the zero-mark can always be placed on a level with the 
top of the test-piece. 

80. Minor Tests: The Welding-test. —The welding is to be done 
with a hammer weighing eight to ten pounds, with a given number of 
blows. The weld is to be a simple scarf weld, made in a coke or gas 
flame without fluxes. Each bar to be tested is to be treated in the 
same way, using in each case two or three samples of iron; one weld 
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is to be tested on the tension-machine, the otTier to be nicked to the 
depth of the weld and then bent or broken, to show the character 
of the welded surfaces. 

The Bending-int. —This affords a ready means of finding the 
ductility of metals. The test-piece is to be bent about a stud 
having a diameter twice that of the specimen. The piece is to be 
bent with a lever, and no jwunding is permitted. If the plate hold¬ 
ing the stud is graduated, the angular deflection at time of perma¬ 
nent set may be read at once. A modification of the bending-test 
is often used to determine the property of toughness, by bending 
the specimen, first hot and then cold, until it is doubled over on 
itself. 

The Drijting-iest. —This tests the softness and ductility of 
metals. It is made by driving a “drift,” a tapered steel punch, 
so iis to enlarge a hole drilled in a ]>late. The measurement is in 
the amount of enlargement of the hole before the edges crack and 
tear. 

The Pimchingdesl .—Find the least material that will stand be¬ 
tween the edge of the plate and the hole j)unched. by measurement. 

The Forging-test. —The material is brought to a red heat and 
hammered until cracks begin to show, the relative amount of 
flattening indicating the red-shortness of the material. Useful 
principally with rivet-rods. 

The ILammer-iest. —This is made with a light hammer, and 
the character of the material is determined by the sound emitted. 
Is useful in locating defects in finished products, but of little value 
on test-specimens. 

The Hardening-test is made by heating a specimen to cherry- 
red heat and plunging it in water having a temperature of 32 to 
40 degrees. The specimen so treated is tested by bending or 
torsion, the same as an unhardened specimen. Used for boiler 
plate and similar materials to find whether the carbon content is 
too high. 

7 ^he Abrasion-test. —Find the amount of wear from a given 
amount of work. For testing paving-brick and similar material 
special abrasion-testing machines have been devised, and the test 
is standardized. These machines are of barrel form. A charge is 
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put in consisting of a certain number of brick and of hard cast-iron 
cubes of i-inch or 2-inch face. The charged barrel is rotated a 
certain number of times at a certain speed, such that its contents 
get a thorough mixing and shaking. The measurement is in per¬ 
centage of weight lost by the brick. 

Abrasion-tests of metals, generally bearing metals, are made by 
holding a uic''k of the metal against a hardened steel wheel of 
large diameter, using a certain pressure between the block and the 
wheel, running the wheel a definite number of revolutions, imd 
measuring the loss of weight or thickness of the block tested. 

The Hardness-test. —The “hardness” of a material is usually 
understood as a relative jwoperly, having reference to the ability 
of one maleriai to cut another. Hardness is a composite property, 
depending partly on density and on tensile and shear strengths. 
Hence the machines devised to measure hardness are also .strength¬ 
measuring devices. Two tyjies of hardness-testers are likely to 
be met with by the engineer, the j)ressure tind the impact ty])cs, 
represented respectively by the Brinell ball tester and the .Shore 
“Scleroscopc. ” 

I. The Brinell Ball-testers. —For the BrineJ] baiJ-tester a fiat 
of an inch or so in diameter is pre[)ared on the surface of the 
maletial lo be tested. Then a hard steel ball, usually five-eighths 
ol an mc\i m ^'wtmetcr ,\s, mt,wa\ w\tb a.cetta\it\oad. 

The dcpch or diameter of the impression made in the material i$ 
then measured with a special mwromehr. Yrom this, the load 
used, and the size of the ball used, the “hardness” is computed 
These same data have been found to be so iniimatcly connected 
with the ultimate strength of the material that this (juantity also 
can be computed w-ith good accuracy from the ball-test. " The 
dose connection with the ultimate strength can be understood 
when one considers that to displace the material and make the 
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2. The Scleroscope .—The Shore “ Scleroscope ” drops onto 
a small flat surface of the material to be tested a tiny diamond- 
pointed steel hammer. If the material were perfectly elastic and 
no work were done on it (perfect hardness), the hammer would 
reboxmd to the height from which it fell. If some of the energy 
of the hammer is used up in doing work on the material tested, 
making an impression in the material, then the rebound of the 
hammer is not complete. The softer the material, the less is the 
rebound. Hence the ratio of height of fall to height of rebound of 
the hammer measures the hardness of the material. On account of 
the rapidity of the blow and the smallness of the area of material 
affected, the strength with which the material resists deformation 
by the scleroscope hammer is the elastic strength of the material. 

On brittle materials, where the elastic strengths and ultimate 
strengths are close together, the two types of hardness-testers will 
give parallel results. On ductile materials the ball-tester seems to 
get nearer to the cutting hardness. The impact type of testers 
will show a “hardness” more than jwoportionate to the cutting 
hardness on cold-worked metals, on account of the elevation of the 
elastic strength by cold working. 

'The Faligue4csl. — Fatigue-tests are made to determine the 
resistance of materials to repeatedly applied loads, either with or 
without reversal of stress. No commercially satisfactory fatigue- 
test has yet been devised.' It is well established that failure will 
occur under repeated loads of much less intensity than is needed 
for failure under single loading. This is due to (1) the time factor 
in shear failure, so that the material tested in an ordinary “single¬ 
loading” tensile test does not break down at the yield-point at as 
low a stress as it should; (2) the non homogeneity of nature of the 
metals, being different in properties in adjacent crystals of their 
make-up, and the repeated loadings searching out the weak spots 
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Si, Spedal Tests and Specifications. — In general the material 
is to be tested in such a manner as to develop the same properties 
that will be called forth in the peculiax use to which it is devoted. 

The table below shows the tests that are prescribed for materials 
for various uses, by the Committee on Standard Tests and Methods 
of Testing of the American Society of Mechanical Engineers: 


TABLE SHOWING TESTS REQUIRED 


Require 1 T« st Dcnott<l ’>^ X 


Matrnal used foi 


Raihoad rails 
** ( ar-axles 

“ tires 

Shafting 

Building wrought iron 
“ low steel 

high steel 
Boiler — wrought iron 
plates 

** sha[)c iron, 

** ri\et-tods 

** low steels 

Ship materials 
“ plates 
** n^ets . 

Wire 

Wire rope 
('ast iron 

Copper and soft metals.. 

Woods 

Stones 



* Repeat in both direction —also b> winding f Longitudinal 


Many of the Engineering Societies and of the different associ¬ 
ations of manufacturers have formulated and adopted specifications 
for, and methods of test of, the different engineering materials. 
These rules differ more or less among themselves even in the case 
of materials intended for the same purposes. It is therefore neces¬ 
sary to determine, before testing, just what set of specifications a 
material is to meet. Some of the more important sets of rules are 
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given below, but, as these rules are modified from time to time, those 
cited must be tonsidered rather as examples of what to expect 
than as specifications to be used in any individual case without 
further investigation. 

MANUFACTURERS’ STANDARD SPECIFICATIONS. 

(Revised lo Feb 6, 1903.) 

1. Structuilal SrhhL. 

Proms of Manufacture. 

1. Steel my \k made by either the Ojxm-hearlh or (he Bessemer process, 
l^esiing and Ins pa Hon 

7, AH and msj>eclion shall be made at the plates of manufacture prior to 
shipment. 

TfsPpieces. 

3 The tensile strength, limit of (Fa.^ticity and ductility, shall be determined 
from a standard test piece cut from the hnished material The standard shape of 
the test-piece for sheared plates shall be as shown by tlie following sketch (Fig. 
110). 



Fro. no. 


On specimens cut from other material the test-piece miiy l)c either the same as for 
sheared plates, or it may be planed or turned parallel throughout its entire length, 
and in all cases where possible, two of)])osite sides of the lest-pieoj shall lx‘ tire rolled 
surfaces. The elongation shall he measured on an original length i)f 8 inches 
except as modified in section 12, paragraph r Rivet rounds and small bars shall 
be tested of full size as rolled 

Two test-pieces shall be taken from each melt or blow of finished material, one 
for tension and one for bending; but in case either test develops flaws, or the tensile 
test-piece breaks outside of the middle third of its gauged length, it may be dis¬ 
carded and another test-piece substituted therefor. 
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Annealed Tesi^pieces, 

4. Material which is to be used without annealing or further treatment shall be 
tested in the condition in which it comes from the rolls. When material is to be 
annealed or otherwise treated before use, the sjxidraen representing such matcriai 
shall be similarly treated before testing. 

Marking. 

5. Every finished piece of steel shall be stamj^ed with the blow or melt number, 
and steel for pins shall have the blow or melt numl:)er stamjx?d on the ends. Rivet 
and lacing steel, and small pieces for pin plates and stiffeners, may be shipped in 
bundles securely wired together, with the blow or melt number on a metal tag 
attach^. 

Finish. 

6. E'inished bars shall be free from injurious scams, flaws or cracks, and have a 
workmanlike finish. 

Chemical Properties. 

7a. Steel for buildings, train sheds, ) 

highway bridges and similar S Maximum phosphorus, o. 10 cent, 
structures. ) 

76. Steel for railway bridges: Maximum phosphorub, 0.08 jier cent. 

Physical Properties. 

8. Structural steel shall be of three grades: Riveiy Railway Bridge and Medium. 


Rivet Steel. 


9. Ultimate strength, 48,000 pounds per square inch. Elastic limit, not less 
than one-half the ultimate strength. 

Percentage of elongation - ^ . 

^ Ultimate strength 

Bending-test, 180 degrees flat on itself, without fracture on outside of bent 
portion. 

Sted for Railway Bridges. 

10. Ultimate strength, 55,000 to 65,000 pounds persejuare inch. Elastic limit, 
not less than one-half the ultimate strength. 


Percentage of elongation, - 


Ultimate strength 

Bending-test, 180 degrees to a diameter equal to thickness of piece tested 
without fracture on outside of bent portion. 


Medium Steel. 


II. Ultimate strength, 60,000 to 70,000 pounds per square inch, 
not less than one* half the ultimate strength. 


Percentage of elongation, 


1,400,000 

Ultimate strength 


Elastic limit. 
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Modifications in Elongation for Thin and Thick Material, 

12. For material less than ^ inch and more tlian | inch in thickness, the fol¬ 
lowing modifications shall be made in the requirements for elongation: 

a. For each increase of I inch in thickness al)ove | inch, a deduction of 
1 ]3er cent shall be made from the specified elongation, except that the minimum 
elongation shall be 20 per cent for eye-bar material and 18 per cent for other 
structural material 

b. For each decrease of inch in thickness below A tnch, a deduction of 2§ 
per cent shall I)e made from the sjjecified elongation, 

f, In rounds of | inch or less in diameter, the elongation shall be measured in a 
length equal to eight times the diameter of section tested. 

</. For pins made from any of the before-mentioned grades of steel, the required 
elongation shall Ixi 5 fx*r ct nt less than that Sfxjcified for each grade, as determined 
on a test-piece, the center of which shall be one inch from the surface of the bar. 

Variation in Weight, 

13. The variation in cross-section or weight of more than 2^ |>er cent from that 
sjxjcified will be sufficient cause for rejection, except in the case of sheared plates, 
which will t)e covered by the following pennis^sihle variations: 

a. Plates 12J jxiunds jwt s(]uaie foot or heavier, up to 100 inches wide, when 
ordered to w^eight, shall not average more than 2I j)er cent variation above or 
2I per cent below the theoretiail weight. When 100 inches wide and over, 5 per 
cent above or 5 per cent below the theoretical weight. 

h. Plates under 12J jKvunds per square foot, when ordered to weight, shall not 
average a greater variation than the following: 

Up to 75 inches wiVle, }>er cent alx)ve or 2^ ]^>er cent below the theoretical weight. 
Seventy-five inches wide up to 100 inches wide, 5 per cent alxwc or 3 per cent 
below' the theoretiail weight. When 100 inches wide and over, 10 per cent above 
or 3 j>er cent below the theoretical weight. 

2 . SxRtrcTimc Cast Iron. 

I. Except when dulled iron is specified, all castings shall be tough gray iron, 
free from injuriou.s cold-shulsor blow-holes, true to jialtem, and of a workmanlike 
finish. Sample pieces, one incli s(|uare, aisi from the same heat of metal m sand 
moulds, shall be ca|>ablc of sustaining on a clear sjmn of 4 feet 8 inches a central 
load of 500 {)Ounds when tested m the rough bar. 

3. Special Opkn-hearth Plate and Rivet Steel. 

Testing and Impection, 

1. All tests and inspections shall be made at the place of manufacture prior 
to shipment. 

Test-pieces. 

2. The tensile strength, limit of elasticity and ductility, shall be determined 
from a standard test-piece cut from the finished material The standard shape 
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of the test‘piece for sheared plates shall he as shown by the following sketch (sec 
Fig, III): 

On sj>eeimens cut from other material the test-pioce may he cither the same 
as for sheared plates, or it may be planed or turned parallel throughout its entire 
length, and, in all cases where possible, two op])osite sides of the test-piece shall 
be rolled surfaces. The elongation .shall l)c measured on an original length of 8 
inches, except as modified in section 12, paragraph e. Rivet round.^ and small bars 
shall l)e tested of full si/e as rolled 

Four test-pieces shall be taken from each melt of finislicd material, two for 
tension and two for bending; but in cast' either test develops flaws, or the tensile 
test-piecx; breaks ouUidc of tlie middle third of its gauged length, it may l)c dis¬ 
carded and another test-piece substituted therefor. 


Annealed 7Vsf~pieces. 

3. Material which is to be used without annealing or furthcT treatment shall be 
tested in the condition in which it comes from the rolls \\ hen matt*rial is to be 
annealed 01 otherwise treated before use, the s|x;cimcn representing such material 
shall be similarly treated before testing. 


}[arkin^. 

4. Ever)^ finished }>iece of steel shall be stamjjed with the melt numix r. Rivet 
steel may lie shipjx'd in bundles securely wired together, with the m<>il number on 
a metal tag attached 

h'inish. 


5. \\\ plates shall be free from injurious .surface defects and have a workmanlike 
finish. 


ChemU al Propertu s . 


6a. Flange or boiler '<tecl. 
th. Exlra-.soft and fire-box .steel. 


Maximum phosjjhorus, o.oP jXT cent. 
Maximum sulphur, 0.04 |)er cent. 
Maximum jihosphorus, o 04 jmu cent. 
Maximum sulphur, o 04 per (cnt. 


Phy^ leal Proper tie s . 

7. Sjxciai 0|K'n-hcarth Plate and Rivet Steel shall be of three grades ; Extra- 
soft, Fire-box and IHange or Boiler Steel 


Extra-soft Steel. 

8. Ultimate strength, jxmnds [xr .square inch. Elastic limit, 

not less than one-half the ultimate strength. Elongation, 28 fier cent. Cold and 
quench bends, 180 degrees flat on itself, without fracture on outside of bent {X)rtion. 

Fire-box Steel. 

9. Ultimate strength, 52,000 to 62,000 pounds f>er sc^uarc inch. Elastic limit, not 
less than one-half the ultimate strength. Elongation, 26 per cent. Cold and quench 
bends, 180 degrees flat on il.solf, without fracture on outside of bent portion. 
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Flange or Boiler Steel, 

10, Ultimate strength, 55,000 to 65,000 pounds per square inch. 

Elastic limit, not less than onedialf the ultimate strength. 

Elongation, 25 |jer cent. 

Cold and quench bends, 180 degrees flat on itself, without fracture on outside 
of bent ]x>rtion. 

Boiler-rivet Steel, 

I], Steel for boiler rivets shall l)e made of the extra-soft grade sj>ecified in 
paragrajjh No. 8. 

ModijUaiions in FJongatiofi Jar Thin a fid Thick Material. 

T2. I’"or material le.ss than inch, and more than I inch in tlnckness, the 
following nuxl ilka lions shall be made in the requirements for elongation: 

a. For each increase of J inch in thickness above J inch, a deduction of 1 per 
cent shall Ik‘ made from the sjiecified elongation. 

b For each de<rease of \\ inch in lhicknes> below inch, a deduction of aj 
j>er rent shall be made from the sj)ecified elongation. 

r. In rounds of I inch or less in diameter, the elongation shall be measured in 
a length equal to eight times the diameter of scTlion tested. 

Variation in Weight. 

13. The variaticui in cross-.s(*cti(>n or weight of more than aj |>er cent from that 
S})enried will 1 h‘ suflicient caus(‘ for rejection, except in the case of sheared plates, 
which will be covered by the following {H'rmi.ssible varia^ion^: 

a. Plates 12^ jH^unds |)er s(|uare foot or heavier, up to loo inches w’ide, wdien 
imlered to w'eight, shall not avcTage more Ilian 2] ])cr cent \uriation abo\e or aj 
pt^r cent ijelow tlie theoretical weight When too indies wide and over, 5 \ky 
cent above or 5 per cent below* the theoretiail w'eiglu. 

b. Plates under 12^ t^mnds \X'V square foot, when ordered to w*eighl, shall not 
average a greater variation than the following: 

l^p to 75 inches w'ide, 2J }kt cent above or 2I jkt cent below the theoretiail 
w^'ight. Seventy-five indies w'ide up to 100 inches w'ide, 5 }x,t cent above or 
3 p)cr cent below the theoretical weight. When 100 inches w*ide and over, to [>er 
cent alx)ve or 3 pier cent Ixdow" the theoretical weight. 

AMERICAN BOILER MANUFACTURERS’ ASSOCIAl'lON 
SPECTFICATIONS (Adopted 1898). 

1, Cast Iron. — Should be of soft, gray texture and high degree of ductility. To 
he ust^d only for hand-hole plates, crabs, yokes, etc., and manheads. It is a 
dangerous metal to Ije u.sed in mud drums, legs, necks, headers, manhole rings, 
or any part of a boiler subject to tensile .strains; its use is prohibited for such parts. 

2. Steel. — Homogeneou.s steel made by the oj:>en-hearth or crucible processes, 
and having the following qualities, is to bo used in all tellers. 
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Tensile Strength^ Elmgdiion^ Chemical Tests. — Shell plates fwt exposed to the 
direct heal of the lire or gases of combustion, as in the external shells of internally 
fired boilers, may have from 65,000 to 70,000 pounds tensile strength; elongation 
not less than 24 {xu: cent in 8 inches; phosphorus not over 0,035 per cent; sulphur 
not over 0.035 per cent. 

Shell plates in any way ex}x>s>ed to the direct heat of the fire or the gases of 
combustion, as in the external shells or heads of externally fired boilers, or plates 
on which any flanging is to be done, to have from 60,000 It) 65,000 jx»unds tensile 
strength; elongation not less than 27 per cent in 8 inches; phosphorus not over 
0.03 per cent; sulphur not over 0.025 per cent. 

Fire-box plates, or such as are exposed to the direct heal of the fire, or flanged 
on the greater portion of their periphery^ to have 55,000 to 62,000 poimds tensile 
strength; elongation, 30 per cent in 8 inches; phosphorus not over 0.03 per amt; 
sulphur not over 0,025 

For all plates the elastic limit to be at least one-half the ultimate strength; per¬ 
centage of manganese and carlK)n left to the judgment of the steel maker. 

Test Section to be 8 inches long, planed or milled edges; its cross-sectional area not 
less than one-half of one sejuare inch, nor width less than the thickness of the plate. 

Bending-test, — Steel u[> to i inch thickne.ss must stand Ixiuding double and 
being hammered down on itself; above that thickness it must bend round a 
mandrel of diameter one and one-half times the thickness of plate down to 180 
degrees. All without showing signs of distress. 

Bending test-piece to be in length not less than sixteen times thickness of plate 
and rough, shear edges milled or filed off. Such pieces to be cut both lengthwise 
and crosswise of tlic jilate. 

All tests to be made at the steel mill. Three pulling-tests and three bending- 
tests to be made from each heal. If one falls the manufacturer may furnish and 
test a fourth piece, but if two fail the entire heat to be rejected. 

Certified copies of tests to be furnished each member of A. B, M. A. from heats 
from which hiA plates are made, 

3. Rivets. — All rivets to be of g(X)d charcoal iron, or of a soft, mild steel, having 
the same physical and chemical properties as the fire-box plates, and must test 
hot and cold by driving down on an anvil with the head in a die; by nicking and 
bending, by bending back on themselves cold, without developing cracks or flaws. 

4. Boiler 7 'ubes, of charcoal iron or mild steel sfxjcially made for the purjx)se 
and iap-welded or drawn; they should be round, straight, free from scales, blisters, 
and mechanical defects, each tested to 500 j:x)unds internal hydrostatic pressure. 

This fact and manufacturer’s name to be plainly stcndled on each tube. 

Standard Thicknesses by Birmingham wire gauge to lie 

No. 13 for tubes i in., 1} in., i J in. and t| in. diameter. 

No. T2 for tubes 2 in., 2} in. and 2^ in. diameter. 

No. II for tubes 2I in., 3 in., 3J in. and 3J in. diameter. 

No. 10 for tubes 3! in. and 4 in. diameter. 

No. 9 for tubes 4J in. and 5 in. diameter. 
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7 'ests .' A section cut from one tube taken at random from a lot of 150 or less 
must stand hammering down cold vertically without cracking or splitting when 
down solid. 

Length of test*pieces: 

I in. for tubes from 1 in. to ij in. diameter. 

I in. for tubes from 2 in, to ai in. diameter. 

II in. for tubes from 2 j in. to 3 J in. diameter. 

ij in. for lubes from 3! in. to 4 in. diameter, 

if in. for tubes from 4J in, to 5 in. diameter. 

All tul)es must stand expanding flange over on tube plate and bending without 
flaw^, crack, or opening of the weld. 

5. Bolts to be made of iron or mild steel specially manufactured for the 
purix>se, and must show on: 

Test Sectiofiy 8 inches long, net: 

For Irofiy tensile strength not less than 46,000 lbs.; elastic limit not less than 
26,000 lbs,; elongation not less than 22 j>cr cent for 1:K>lts of less than one (i) 
square inch area, nor less than 20 per cent for bolts one (i) sc]uare inch and more 
in net area. 

For Steely tensile strength not less than 55,000 Ib.s.; elastic limit not leas than 
33,000 lbs.; elongation not less than 25 jxt cent for bolts of less than one (i) 
S(]uare inch area, nor less than 22 {)er cent for l:K)lts one (r) square inch and more 
in net area. 

7Vi/5, — A bar taken from a lot of 1000 lbs. or less at random, threaded with a 
sharp die thread with rounded edges, must bend cold t8o degrees around a 
bar of same diameter, without showing any crack or flaws. 

Another piece, similarly chosen, and threaded, to be .screwed into well-fitting 
nuts formed of pieces of the plates to be stayed, and riveted over so as to form an 
exact counterpart of the lM)lt in the finished structure; to be pulled in testing- 
machine and breaking stress noted; if it fails hy pulling apart the tensile stress 
per .square inch of net section is its measure of strength; if it fails by shearing the 
shear stress per square inch of mean section in shear is this measure. The mean 
section in shear is the product of half the thickness of the plate by the circtimfer* 
ence at half height of Ihreatl. 

6. Braces and Stays, — Material to l>e fully equal to stay-bolt stock, and tensile 
strength to l>e determined hy testing a bar not less than ten inches (10 in.) long 
from each lot of 1000 ib$. or less. 

LLOYD^S SPECIFICATIONS FOR QUALITY AND TESTING OF SHIP 

STEEL (1907-1908). 

1. Process of Manufacture, — Steel for shipbuilding shall be made by the open- 
hearth process, add or basic. 

2. Freedom from Defects, — The finished material shall be free from cracks, .sur¬ 
face flaws and lamination. It shall also have a workmanlike finish, and must not 
have been hammer-dressed. 
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3, T esting and Inspection, — The following tests and inspections shall be made 
at the place of manufacture prior to dispatch; but, in the event of any of the 
material proving unsatisfactor)^ in the course of l)eing worked into vessels, such 
material shall be rejected, notwithstanding any previous a^rtificate of satisfactory 
testing, and such further tests of the material from the same charge may l>e made 
as the Sun^eyor may consider desirable. 

4, Tensile Tesi-pieces, — The tensile strength and ductility shall be determined 
from standard test-pieces cut lengthwise or crosswise fmm the rolled material. 
When material is annealed or otherwise treated before disjiatch, the test-pieces 
shall l)e similarly and simultaneously treated tvith the material before testing. 

Plates, — Wherever practicable the rolled surfaces shall be retained on ttvo 
opjxjsite sides of the test-piece. I'he elongation shall be measured on a standard 
test-piex'e having a gauge-length of 8 inches. 

For material more than 0.875 inch in thickness the width of the test-piece 
between the gauge-points shall not exceed ij indies; for material less than 0.375 
inch thickness the width shall not be more than 2I inches. In other respiects the 
test-pieces shall conform generally to the standard test-piece A (h^ig. 111), 

Any straightening of test-pieces which may be required shall be done cold. 
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5. Mechanical Tests and Selection of Test-pieces. — Plates and bars for ship¬ 
building; shall comply with the following mechanical tests. All test-pieces shall he 
selected by the Surveyed and tested in his presence and he shall satisfy himself 
that the conditions herein described are fulfilled. 

6. Tensile Tests. — Plates .—The tensile breaking strength of steel plates, 
determined from standard test-pieces, shall be between the limits of 38 and 32 
tons (of 2240 iwunds each) per square inch. For plate.s si)ecially intended for 
cold fianging and marked for identification the lower limit shall be 26 tons per 
square inch. In the case of material for purposes in which tensile strength is not 
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imiwtaot, the tensile test may be dispeiised with and the bend^est only be made, 
if so specified by the builders and approved by the Committee. The elongation, 
measured on a standard tcst^piece having a gauge-length of S inches, shall not l)e 
less than 20 fier cent for material of 0.375 inch in thickness and upwards, and 
not less than t6 per cent for material below 0.375 in thickness. 

AngkSy Bulb AftfikSy Channeky etc. — The tensile breaking strength of sectiona* 
material, such as angles, bulb angles, channels, etc., shall be between the limits of 
28 and 33 tons (of 2240 ]X)unds each) per square inch. In the case of material 
for purposes in which tensile strength is not im}x>rtant, the tensile test may \)e dis- 
]:>enst*d with and the bend-test only be made, if so s[>C‘citied by the builders and 
approved by the ("ommittee. The ehmgation measured on a standard te.st-piece 
having a gauge-length of 8 inches shall not l>e less than 20 fx.‘r cent for material of 
0-375 itich in thickness and upwards, and not less than 16 i)er cent for material 
below 0.375 inch in thicknes.s. 

Rivet Ban. — The tensile breaking strength of rivet bars, when required by the 
Committee to be tested, shall be between the limits of 25 and 30 tons (2240 pounds) 
|)er square inch of section, with an elongation of not less than 25 jxt cent of the 
gauge-length of eight times the diameter of the test-f>icce, measured on the stand¬ 
ard test-piece B (Fig ii2h The bars may be tested the full size as rolled. 
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Paiullel for a length of not less than 8 tiint'S diameter- 



H-With enlarged ends;- Panillel for a length of not lesi« than 9 times the I'odjLU-ed diameter- 
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Fig. 112. 


When the Surveyor is in constant aUondance at the steel works the following 
requirements are to l)e complied with: 

7. yumber of I'ensile 7 V.v/s. — Platen and Sectional MaieriaL — One tensile 
test for plates or .sectional materia) shall be taken from the finished material of 
each charge. 

When the quantity of the material from one charge exceeds 25 tons, a second 
tensile test will be rc(iuirc<l, also additional tests shall he made for eveiy variation 
in thickness of 0.15 of an inch in the plates or .sectional bars from each charge. 

Rivet Bars. — When required by the C ommittee, one tensile test shall be taken 
from each charge used for rivet bars; but when the w^cight of the bars, as rolled, 
from one charge exceeds 10 ton.s, an additional tensile test shall be made for each 
further 10 tons or portion thereof. 

Should a tensile-test piece break outside the middle half of its gauge-length, and 
the elongation In* less than that required by the Rules, the test may, at the maker’s 
option, be discarded and another test he made of the same plate or bar. 
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'est“piea;s shall be sheared lengthwise or 
11 not be less than r J inches wide, but for 
used. For rivet bars bend-tests are not 

hall be similar to those used for cdd-bend 
mples shall be heated to a blood-red and 

The color 


8. Bend-ksts. — CoU Bends. 
crosswise from plates or bars, and si 
Mnall bars the whole section may 
required. 

Temper Bends. — The test-pieces 
tests. For temper-bend tests tlie 

quenched in water at a temperature not exceeding 80 degrees Fahr. 

^all be judged indoors in the shade. 

In all cold-bend tests, and in temper-bend tests on samples 0.5 inch in 
thickness and above, the rough edge or ams caused by shearing may be removed 
by filing or grinding, and samples i inch m thickness and above may have the 
edges machined, but the test-pieces shall receive no other preparation. The test- 
pieces shall not be annealed unless the material from which they are cut is simi¬ 
larly annealed, in which case the test-pieces shall be similarly and simultaneously 
treated with the material before testing. 

For both cold and temper bends the test-piece shall withstand, without fracture, 
being doubled over until the internal radius is equal to times the thickness of 
the test-piece, and the sides are pirallel. 

For small sectional material these bend-tests may be made from a flattened bar. 

Bend-tests may be made either by pressure or by blows. 

Q Number of Betui-ksk, — A cold or tem}x;r-l)cnd test shall be made from 
each plate or bar as rolled, and these tests shall be in alK»ut equal numlicrs from 
each chaige; ])ut a cold-bend test shall be made from all plates which are specially 
marked for cold flanging 

10. Tests for Manufactured Riveh. — Rivets selected by the Surveyor from the 
bulk shall withstand the follow ing tests: 

{a) The rivet shanks arc to l>e bent cold, and hammered until the two parts 
of the shank touch in the manner showm in Fig, 11 without fracture on the out¬ 
side of the bend 




Q}) The rivet heads are to be flattened, while hot, in the manner shown in Fig. 
114, without cracking at the edges. The heads are to be flattened until their 
diameter is 2J tiroes the diameter of the shank. 

II. AddUtonal Tests before Rejection. — Should any of the test-pieces first 
selected by the Surveyor not fulfil the test requirements, two further tests may be 
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made fit)m the same plate or bar, but should either of these fail, the plate or bar 
from whicli the test-pieces were cut shall be rejected. In all such cases further 
tests shall be made before any material from the same charge can be accepted. 

12. Branding* — Every plate and bar sliall be clearly and distinctly marked 
by the maker in two places with the Society's brand, indicating that the material 
has complied with the Society's tests* 

No plates or bars bearing this brand shall be forwarded from the steel works 
until the prescribed tests have been made by the Surveyor, and the mill sheets have 
been signed by him. All plates and bars shall also be legibly stamped in two 
places with the maker’s name or trade-mark and the place where made. They 
shall also be stamped with numbers or identification marks by w^hich they can be 
traced to the charge from whidi the material was made. 

13. Maher's Ccrtijkaic, — Before the mill sheets are signed by the Surveyor, 
tlie maker shall furnish him with a certificate guaranteeing that the material has 
Ixien made by the ojien-hearth process, and that it has been subjected to, and 
withstood satisfactorily the tests above described in the presence of the Surveyor. 
The following form of a*rtificate will be accepted if printed on eadi mill sheet with 
the name of the firm, and initialed by the test-house manager: 

^‘Wc hereby certify that the material described below has been made by the 
open-hearth process, and is that w^hich has been satisfactorily tested in the 
])resence of the Surveyor in aca)rdance with the Rules of Lloyd’s Register.'’ 

14. Rejected Makrial. — In the event of the material failing in any case to 
withstand the prescribed tests, the Surveyor shall see that the Society’s brand 
stamped on the plates and hiirs by the maker has been defac'ed by punch marks 
extending Ijcyond the brand in the form of a cross, denoting that the material has 
been rejected. 


AMERICAN FOUNDRYMEN’S ASSOCIATION STANDARD 
SPECIFICATIONS FOR TESTINC; GRAY CAST IRON. 

(June 4. 19’^! •) 

T. Unless furnace iron, dry sand or loam moulding, or subsc'quent annealing is 
specified, all gray-iron castings are understood to be of cu|X)la metal; mixtures, 
moulds and methcxls of preparation ti) be fixed by the founder to secure the results 
desired by purchaser. 

2. All castings shall l>e clean, free from flaws, cracks, and excessive shrinkage. 
They shall conform in other respects to whatever points may be s|x:dally agreed 
upon. 

3. When the castings themselves are to be tested to destruction, the number 
selected from a given lot and the tests thc'y shall l>e subjected to are made a mattei 
of special agreement between founder and purchaser. 

4. Castings made under these srx'cifications, the iron in w^hich is to be tested 
for its quality, shall be represented by at least three test-bars from the same heat. 
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5. These test-bars simll be subjected to a transverse-breaking test, the load 
applied at the middle with supports 12 indies apart. The breaking-load and 
deflection shall be agreed upon spedally on pladng the contract, and two of these 
bars shall meet the requirements. 

6, A tensile-strength test may be added, in which case at least three bars for 
this purpose shall be cast with the others in the same moulds respectively. The 
ultimate strength shall also be agreed upon specially before pladng the contract, 
and two of the bars shall meet the requirements.’*' (See Fig. 115 for shape of 
tension-test piece.) 



7. The dimensions of the test-bars shall be as given herewith. There is only 
one size for the tensile bar and three for the transverse. For the light and medium 
weight castings the li-inch round bar is to be used, heavy castings the 2-inch, and 
chilling irons the 2j-inch test-bar. 

8. Where the chemioil composition of the castings is a matter of sficnfication 
in addition to the physical tests, borings shall be taken from all the test-bars 
made, well mixed, and any required determination, combined carbon and graphite 
alone excepted, made therefrom.f 

9. Reasonable facilities shall be given the In^pector^ to satisfy themselves that 
castings are being made in accordance with sjxH'ificalions, and, if possible, tests 
shall be made at the place of production ]}rior to shipments. 

10. The following are the sizes of bar* selected for tests as a result of our 
investigations: 

hor all tension tests a bar turned to 0.8 inch in diameter, corrcsjx>nding to a 
cro.ss-scction of } .square inch. (Fig. 115.) Results, therefore, multiplied by two 
give the ten.sile strength \y^r square inch. 

For transverse test of all clas.scs of iron for general compari.son, a bar incJics 
diameter on supj)orts 12 inches apart, pressure applied in middle and deflection 

* The remarkably wide range of values for the ultimate strength and modulus of 
rupture whi^^h are really good for the various classes of iron precludes the giving of 
definite upper limits in the specifications. It will therefore remain a matter of mutual 
agreement in each case, the requirements of service and price per i)Ound paid regulat¬ 
ing the mixtures which can be used. 

t There should really be no necessity for this test, for the requirements of the physf- 
ral tests presupf>ose a given chemical composition. It may, however, sometimes be 
expedient to know the total tarlion, .silicon, sulphur, manganese, and phosphorus of a 
casting to insure good service conditions. 
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noted. Similarly, for ingot-mould, light machinery, stove-plate and novelty iron 
a li-inch diameter bar; that is Vo bay, for irons running from two |xir cent in silicon 
upward, or from 1.75 per cent siliam upward where but little scrap is in the mixture. 

for dynamo frame, sash weight, cylinder, heavy macliincT)^, and gun-metal 
irons, similarly a 2-inch diameter bar is recommended; that is, for irons running 
from 1.50 to 2 i>er cent in silicon, or where the silicon L lower and the proportion 
of scrap is rather large 

For roll irons, w'^hether chilled or sand, and car-wheel metals, a 2J-inch diameter 
bar is recommended; that is, for all irons below x per cent silicon, and which may 
thcrefom be classed as the chilling irons. 

AMERICAN WATER-WORKS ASSOCIATION STANDARD SPECIFI¬ 
CATIONS FOR CAST-IRON WATER-PIPE. (Philadelphia, 1891.) 

1. Length — Eadi ])i{x.‘ shall be of the kind known as “s(xket and spigot, ’ 
and shall lie 12 feet long from b<^ttom of the socket to the end of the 

2. Metal and Treatment. — Th(t metal shall be best quality neutral pig-iron, 
with no admixture of cinder, cast in dr)^-sand moulds, placed vertically, numl^ered 
and marked with name of maker and date of making. The shell to be smooth 
and round, without imperfections, and of unifonn thickness. 

All pijx's to be thoroughly cooled when taken from the pit, afteward thoroughly 
cleaned without the use of acid, then healed to 30c degrees F., and plunged into 
coal-pitch varnish. When removed, the coating to fume freely and set hard 
within an hour. 

Templates to be fumished by the maker; the weight of pipe to vary not over 
3 j-KT cent from the standard; all tests to be made at exixmsc of maker. 

3. Testing, — Idu* pi{X?s to l)e tested after the varnish hardens with hydrostatic 
pressure of 300 jx^unds |>er square inch for all sizci; below 12 inches diameter, and 
250 pounds for all above that diameter, and simultaneously to be struck with a 
3-jK»und hammer, 

4. T esld)ari>, — Test-bars to be 26 inches long, 2 inches wide, and i inch thick, 
and to be tested for transverse strength. 'Phese bars shall statid, when carried 
flatwise on supjx»rts 24 inches apart, a center load of 1900 j)ounds, and show a 
deflection of not less than 0.25 inch before breaking. Test-bars are to be cast 
when reejuired by the inspectoi, and to be as nearly as |X)bbiblc the specified 
dimensions. 

PENNSYLVANIA RAILROAD COMPANY’S TEST FOR CAST-IRON 

CAR-WHEELS. 

Car-wheels are usually subjected to the drop-test. Tlie following met]K)d is 
em]>loyed by the Pennsylvania Railroad Company for testing cast-iron wheels: 

For each fifty wheels which have been ship}>ed, or are ready to ship, one whed 
is taken at random by the railroad company's inspector, either at the railroad com¬ 
pany's shops or at the wheel-manufacturer s, as the case may be, and subjected 
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to the following test: The wheel is placed flange downwanl on an anvil-block 
weighing 1700 povmds, set on rubble masonry two feet down, and having three 
supports not more than five inches wide for the wheel to rest on. This arrange^ 
ment Ijeing effected, the wheel is struck centrally on the hub by a weight of 140 
pounds, falling from a height of 12 feet. Should the wheel break in two or more 
pieces before nine blows or less, the fifty wheels represented by it are rejected. 
If the wheel stands eight blows without breaking in two or more pieces, the fifty 
wheels are accepted. 

82. Tests of Building Stone and Brick, — These materials are prin¬ 
cipally used in walls of buildings and for foundations. For this 
use they are subjected principally to compression or crushing stresses. 
The important properties are strength and durability. Stone is 
usually tested for compressive and transverse strength, brick for 
compressive strength. 

1. Testing Stones. — 

The specimen.s for comprej>sive strength are cubes of various sizes, depend¬ 
ing principally on the capacity of the testing-machine. I'hese cubes are to be nia ly 
made with the opposite sides j>erfeclly parallel to provide a uniform l>caring-sur 
face. It is found that the larger the blocks the greater the strength j)er unit of 
area.* 

To test Stone for Cofnprmive Strength. — Have the s})ecimen dry and dres.sed, 
and ground to a cube — inchCsS on each edge, and with the o})[H>site faces parallel 
plane.-i. This is important, as imjxu*fect or wetlge-shai:>cd faces cfuicentrate the 
stress on a small area. In testing, use a layer eff wx*t pla.^ter of Paris between the 
specimen and the face*^ of the machine, to distribute the stress. 

To test Stone for Transverse Strength. -—In this case the specimen is dressed 
into the form of a prism 8 inches long and 2 by 2 inches in section. It is sup|)ortetl 
on bearings 6 inches apart, and a center load applied. The strength is com¬ 
puted as explained under head of Transverse Testing, jmge 60. 

Durability of stone is tested accurately only by actual trial. Some idea can ht 
formed b)^ noticing the effect of the weather on the exjKised rocks in the quarry 
from which the sj:)ecimen came. 

In the method of standard tests adopted in Munich, in 1887, the following 
additional tests are recommended: 

Trial method with (a) a jumjxr or drill, (h) by rotary boring. The amount of 
work done by the drill to determined by the momentum of drop, its velocity of 
rotation, and the shajx or cutting angle of the drill or cutting tool. These qualities 
arc to be determined by comjjarlson with a standard drill working under definite 
conditions. Examine the stone for resistance to shearing as well as to boring. 


* See Unwin, Testing of Materials.’^ 
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Find when possible the position in the quarry originally occupied by the speci¬ 
men tested. 

Find out the intended use of the stone, and determine the character of tests 
largely from that. Dry the stone until no further loss of weight occurs at a tem¬ 
perature of 30® C. (86"^ F.), and test in a dry condition. 

Make the tests for strength as described, using as large specimens as possible. 
Also, test by compression rectangular blocks. Test also for tension and bending. 

Obtain the sj>edfic gravity, after drying at a tem}>erature of 86® F. 

Examine tlie specimen for resistance to frost by using samples of uniform size, 
7 cm, (2.76 inches) on eacli edge, 

'File frost’-iest comhU of: 

tf. The determination of the compressive strength of saturated stones, and its 
comjmrison with that of dried pieces. 

h. The determination of compressive strength of the dried stone after having 
been frozen and thawed out twenty-five times, and its a>mparison with that of 
dried pieces not so treated. 

c. The determination of the loss of weight of the stone after the twenty-fifth 
frost and thaw. Sfiecial attention mu.st be had to the lo^s of those particles which 
are detached by the mechanical action, and also those lost by solution in a definite 
quantity of water. 

The examination of tlie frozen stone by use of a magnifying-glass, to deter¬ 
mine {larticularly whether fissures or scaling occurred. 

For the frost-test are to be used: 

Six pieces for compression-tests in drj^ condition, three normal and three 
fiarallcl to the bed of the stone, provided these tests have not already been made, 
in which case it is permissible, on account of the law of proj^wriions, to use cubical 
^est-blocks larger than 7 cm. (2.76 inches). 

Six test-pieces in saturated condition — not frozen, however; three tested nor¬ 
mal to and three parallel to bed. 

Six test-pieces for tests w^hen frozen, three of which are to be tested normal to 
and three j^rallcl to bed of stone. 

When making the freczing-t€.st the following details are to be observed: 

а. During the aV>sorption of whaler the cubes are at first to be immersed but 2 cm, 
(0,77 inch) deep, and are to he lowered little by little until finally submerged. 

б. For immersion, distilled water is to be used at a temperature of from 15® C. 
(S9®F,) to 20® C. (68® F.). 

c. The saturated blocks are to be subjected to temperatures of from - 30® to 
-15® C. (14® to s®F.). This can l>e done in a vessel surrounded with melting 
Ice and .salt, 

d. The blocks are to be subjected to the influence of such cold for four hours, 
and they are to l>e thus treated when completely saturated. 

c. The blocks are to be thawed out in a givett quantity of distilled water at from 

59^ F, to 64^^^ 



154 


EXPERIMENTAL ENGINEERING 


An investigation of weaUiering qualities — stability under influences of atmos¬ 
pheric changes can be neglected when the frost-test lias been made. However, 
the effects in tliis respect, in naturvy are to l)c carefully observed and compared 
with previous experience in the use of similar material. Observe — 

a. The effect of the sun in producing cracks and ruptures in stones. 

h. The effect of the air, and whether carbonic-acid gas is given off. 

c. The effect of rain and moisture. 

d. The effect of temperature' 

2. Testing Bricks or Ariijkial Building stone. —Bricks are tested 
for strength, principally by compression. 

They should l>e ground to a fonn with optxKsite parallel faces, and are tested 
between layers of thin paj)er, or, without grinding, between thin layers of plaster 
of Paris, as explained for stone. The variation in .size of sjx'cimen, and whether 
the brick is tested on end, side-ways, or flat-w^ays, will make a great difference in 
the results. The test, to Ixt of any value, must .state the method of testing. Whole 
bricks are stronger per unit of area than jK)rtions of bricks, and should be used 
when practical hie. 

It is also recommended that brick be tested for compression in the shape of 
two half-bricks .sufxrimjxxsed, united by a thin layer of l\)rtlancl cement, and 
covered on top and bottom with a thin layer of such paste to secure even bearing- 
surfaces.* 

The transverse test for brick is Ixdieved to be a valuable index to its building 
profxrlies. Sup|x)rt the brick on knife-edges 6 inches apart, and apply the load 
at the center. Compute the modulus of rupture: 


in which W equals the center-load, / the length, h the breadth, d the depth, all in 
inches. 

Dry as for stone, and determine the speedfic gravity. 

Test hard-burned and soft-burned from the same kiln 

Determine the porosity of the brick as follows* 

Thoroughly dr}* ten pieces on an iron plate; weigh these pieces; then sub¬ 
merge in water to one-half the depth for twenty-four hours; then completely sub¬ 
merge for twenty-four hours, dry superficially, and weigh. Determine jx)rosity 
from the weight of water alxsorbed, which should be expressed as }xr cent of volume. 
Express absorption as per cent of weight. 

Determine resistance against frost, as previously explained for stones, using five 
specimens, and rc[xating the operation of freezing and thawing twenty-five times 
for each specimen. Observe the effect with a magnifying-glass. After freezing, test 
for compression, and compare the results with those obtained with a dry brick. 

* See VoL XI (Standard Method of Testing), Transactions of American Society 
Mechanical Engineers. 
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To test brick for soluble salts^ obtain samples from an underburned brick and 
grind these to dust. Sift through a sieve 4900 meshes per sejuare cm. (31,360 per 
s<'iuani inch). The dust sifted out is lixiviate<l in 250 c.c, of distilled water, boiled 
for al)OUt one hour, filtered, and washed. The amount of j^luble salts is then 
determined by boiling down the st^lution and bringing the to a red heat for 

a short time. The amount is determined by weight and e^pl^ssed in percentage; 
its com|K)sition is determined by a chemical analy.sis. 

Determinations of the presence of carbonate of lime, mica, or pyrites are to be 
made by chemical analysis. ^ 

83* Tests of Paving Material, Stones, and Ballast, Natural and Arti¬ 
ficial, — In this case the following observations and tests should be 
made: 

Information in legard to [)etrogra])hir and geologic clussijicalionj the origin of 
the sample^ etc., etc.; also: 

Statement in regard to utilization of same. 

Spciifu' gravity of the samples is to be determined. 

All malt'rials used in the construction of roads, provided they are not to be 
used under (over or in localities without frost, are to be tested for their frost- 
re nsting qualities by tests similar to thost‘ prescribed for natural stone. 

Stones or brick used for paving are tested most .satisfactorily in a manner 
representing their mode of utilization by determining the vjcarifig qualities by an 
abrasion-test standardized Ijy the National Briek Manufacturers' Association 
(1900) as follows: 

The Rattler Test. — The standard rattler shall l>e 28 inches in diameter and 
30 inches in length, inside measurements. ()ther dimensions may be employed 
between 26 and 30 inches diameter and t 8 to 24 inches length, in which case the 
dimension.s .should be slated in re]X)rting the test Longer rattlers may be em- 
ployed by the insertion of a diaphragm 

The barrel .shall be sup}K:)rtcd on trunnions at the end^ with no shaft running 
through the rattling chamber. The cross-section shall be a regular polygon of 
14 sides. The heads shall be of gray ca^t iron, not diilled or case hardened. The 
Staves shall preferably be com|X).sed of steel plates, as cast-iron peens and ulti¬ 
mately breaks from the w’earing action on the inner side There shall be a sjyace of 
one-fourth of an inch between the .staves for the esaipe of dust and small pieces. 
Machines having from 12 to 16 slaves may be employed, with openings from J to 
I inch, but these variations from the standard should be mentioned in an official 
rejx>rt. 

The Charge shall consist of but one kind of brick at a lime, nine paving blocks 
or twelve bricks l>eing inst*rted, together with 300 pounds of cast-iron blocks. 

*The nundx*r of bricks should be that number wffiich most nearly gives the 
total cubic conU^nts of the hii(k charge ecjual to 8 per cent of the total cubic con¬ 
tents of the rattler. 
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Tliese shall be of two sizes, 75 pounds being of the larger and 225 pounds of the 
smaller size. The larger size shall he about aj inches square and 4i inches long, 
with slightly rouniled lidges, and shall weigh at first 7} jxjunds. The smaller size 
shall be li’inch cubes, with rounded edges. All blocks shall be replaced by new 
ones when they hav« test 10 per cent of their normal weight. 

The Number shall be 1800 for a standard test, at a speed between 

28 and 30 per minute. 

The Bricks shall be thoroughly dried before testing. 

The Loss shall be calculated as a per cent of the weight of the dry bricks corn- 
poring the charge, and no result shall be considered as official unless it is the average 
of two distinct and complete tests on separate charges of bricks. 

The uniformity of wearing qualities of brick for parts more or less distant from 
the exterior surface is determined by repeating the trial on the same piece, and not 
merely testing one^ but a greater number of pieces. It is, moreover, necessary to 
test samples of the best, the poorest, and the medium qualities of bricks in any 
one kiln. 

Obtain the transverse strength as explained. 

Obtain the per cent of water absorbed after the bricks have been thoroughly 
dried at 30"^ C. (86® F.), as explained in Art. 2, p. 154. 

Test materials for ballast in a similar manner. 

In some cases it may be desirable to test stones as to the capacity for receiving 
a polish. 

Examinations of asphalts can only be made in an exhaustive manner by the 
construction of trial roads. An opinion coinciding with the results of such trial 
may be formed by — 

(a) determination of the quantity and quality of the bitumen contained therein 
(whether the bitumen be artificial or natural). 

(b) By physical and chemical determination of the rc.sidue. 

(c) By determination of the bjiccific density of test-pieces of die material used by 
means of a needle of a circular sectional area of i sq. mrn., canning a w^eight of 300 
grams, (Sec Cement Testing, p. 160.) 

(d) By the determination of the wear of such test-{)ieces by abrasion or grind¬ 
ing trials. 

(e) By the determination cf the resistance to frost of these test-pieces. (See 
Building Stone, Frost-test.) 

84. Testing Cements and Mortars. —The following descriptions 
will serve to distinguish the different classes of bonding materials: 

I, Common limes are produced by roasting at bright red heat 
limestones containing little clay or silicic acid. When moistened with 
water limes become wholly or partly pulverized and slaked. They 
are sold, when unslahed, as lumps of “quick-lime”; when slaked, 
in the form of fine flour. After mixing with water (and sand) to 
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make mortar, the setting or hardening of the lime cement takes 
place by chemical combination with CO^ from the atmosphere, and 
simultaneous rejection and evaporation of the water used in mixing. 

2. Wa/er limes and Roman cements are products obtained by 
burning clayey lime marls or limestones below the melting temper¬ 
ature. They do not disintegrate on being moistened, but must be 
powdered by mechanical means. Their setting or hardening is sim¬ 
ilar to that of the hydraulic cements rather than to that of common 
lime. 

3. Hydraulic cements are products obtained by burning at a 
temperature of incipient fusion clayey marls or limestones or arti¬ 
ficial mixtures of materials containing clay and lime (or lime, silica, 
and alumina), the clinker so made being crushed and ground to 
the fineness of flour. The hydraulic parts of a hydraulic cement are 
silicates and aluminates (or ferrates) of lime. In setting or hard¬ 
ening of the cement the hydraulic parts combine chemically with 
part or all of the water added in mixing; the water disappears as 
water, and becomes part of the cement. Hence the name “ hydraulic 
cement.” 

4. Hydraulic fluxes are natural or artificial materials which in 
general do not harden of themselves, but do so in presence of caustic 
lime, and then in the same way as a hydraulic material; i.e., puzzuo- 
lana, santorine earth, trass jiroduced from a jiroper kind of volcanic 
tufa, blast-furnace slag, burnt clay. 

5. Puzztwlana cements are products obtained by most carefully 
mixing hydrates of lime, pulverized, with hydraulic fluxes in the 
condition of dust. 

6. Mixed cements are products obtained b_v most carefully mixing 
existing cements with jiroper fluxes. Such bond materials should be 
particularly marked “Mixed Cements,” at the same time naming 
the base and the flux used. 

7. Mortar is made by mixing three or four parts of sharp sand 
with one part of quick-lime or cement, and adding w^ater until of 
the proper consistency. Mortar made from quick-lime wdll neither 
set nor stay hard under water; that made from hydraulic- or water- 
lime, if allowed to set in the air, will not be softened by water; while 
that made from hydraulic cements will harden under water. 
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8. Method of Testing Cements. —The principal properties which 
it is necessary to know are: (i) fineness; (2) time of setting; (3) 
tensile strength; (4) soundness or freedom from cracks after set- 
ting; (5) heaviness or specific gravity; (6) crushing strength; (7) 
toughness or power to resist definite blows* 

The following standard method of testing cements was adopted 
by a committee of the American Society of Civil Engineers and of 
the American Society for Testing Materials in 1903 and 1904. 

Selection of Sample, — The sample shall be a fair average of the contents of the 
package; it shall be passed through a sieve having 20 meshes |.K"r lineal inch before 
testing to remove lumps. In obtaining a sample from barrels or bags, an auger or 
sampling-iron reaching to the center should be used. 

A chemical analysis, if required, should be made in accordance with the 
directions in the Journal of the Society of Chemical Industr}% published Jan. 
15, 1902. 

Specific Gravity. — This is most conveniently made with le Chatelier’s appa¬ 
ratus, which consists of a flask (D), Fig. 116, of 120 cu. cm. (7.32 cubic inches) 

capacity, the neck of which is about 
20 cm. (7.87 Inches) long; in the mid¬ 
dle of this neck is a bulb (C), above 
and below which are two marks (F 
and F); the volume between die.se 
marks is 20 cu. cm.(1.22 cubic inches). 
The neck has a diameter of about 9 
mm. (0,35 in.), and is graduated into 
tenths of cubic centimeters alxive the 
mark F. Benzine (62^ Baum^ naph¬ 
tha), or kerosene free from water, 
should be used in making the deter¬ 
mination. 

The specific gravity can be deter¬ 
mined in two ways: (i) The flask is 
filled with either of these liquids to 
the lower mark (F), and 64 gr, (2.25 
ounces) of powder, previously dried at loo® C. (212"^ F.) and cooled to the temper- 
atuie of the liquid, is gradually introduced through the funnel iB) [the stem of 
which extends into the flask to the top of the bulb (C)], until the upper mark (F) 
is reached. The difference in weight between the cement remaining and the 
original quanfity (64 gr.) is the weight which has displaced 20 cu. cm. 

{2) Tlie whole quantity of the powder is introduced, and the level of the liquid 
rises to some division of the graduated neck. This reading plus 20 cu. cm. is the 


B 



Fm. 116 .—Lb Chateliex’s Specific- 
ORAvn-y Apparatus. 
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volume displaced by 64 gr. of the powder. The specific gravity is then obtained 
from the formula; 


Si)edfic gravity 


Weigh t of cement 


Weight of volume of liquid displaced 

The flask during the operation is kept immersed in water in a jar, A, in ordei 
to avoid variations in the temperature of the liquid. Different trials should agree 
within I |Xir cent. 

The apparatus is conveniently cleaned by inverting the flask over a glass jar, 
then shaking it vertically until the liquid starts to flow freely. Repeat this opera¬ 
tion several times. 

Fineness, — The fineness is determined by the use of circular sieves, about 20 
cm. (7,87 inches) in diameter, 6 cm. (2.36 inches) high, and provided with a pan 
5 (m. (1.97 inches deep) and a cover. 

The wire cloth should be woven (not twilled) from brass wire having the fol¬ 
lowing diameters: 


No. 100, 0.004CJ inch; No. 200, 0.0024 inch. 

This cloth should l)e mounted on the frames without distortion; the mesh should 
be regular in spacing and be within the following limiti>: 

No. joo, i )6 to 100 meshes to the linear inch; 

No. 200, 188 to 200 “ 


50 to TOO gr. dried at a tem])erature of 212° F. prior to sieving should be used 
for the test, the sieves having previously been dried. 

The coarsely screened sample is weighed and placed on the No. 200 sieve, 
which is m()\ed fonvard and backward, at the same time striking the side gently 
with the j)alm of the other hand, at the rate of about 200 strokes per minute. The 
ojieration i*' continued until not more than one-tenth of one f)er cent passers through 
per minute. The wwk is exjx^dited by placing in the sieve a small quantity of 
large shot, or, belter, some flat pieces of brass or copj>er about the size of a cent. 
The residue is weighccl, then plaa'd on a No. 100 sieve and the operation repeated. 
The results should be rejTorted to the nearest tenth of one per cent. 

Normal Consistency, — I'he u^e of a proper percentage of water in mixing the 
cement or mortar is exceedingly im]X)rtant. No method is entirely satisfactory^ 
but the following, which consists in the determination of the depth of ixmetration 
of a wire of a knowm diameter carrying a sf)ccified weight, is recommended. The 
apparatus recommended is tlie Vical mcdle^ shown in Fig, 117, which is also 
usc-d for detennining the time of setting. This consists of a frame, A", bearing a 
movable rod, Z, with a cap, Z>, at one end, and at the other the cylinder, fT, i cm. 
(0.39 inch) in diameter, the cap, rod and cylinder weighing 300 gr, (10,58 02.) 
The rod, which can be held in any desired position by a screw, F, airries an indi¬ 
cator, which moves over a graduated scale attached to the frame, K, The paste is 
held by a conical hatd-rubbet ring, /, 7 cm. {2,76 inches) in diameter at the base, 
4 cm. (1.57 indies) high, resting on a glass plate, /, about 10 cm. (3 94 inches) 
square. 
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In making the determination, the same quantity of cement as will be subse¬ 
quently used for each batch in making the briquettes (but not less than 500 grams) 
is kneaded into a paste and quickly formed into a ball with the hands, completing 
the operation by tossing it six times from one hand to the other, maintained 6 
inches apart; tlie ball is then pressed into the rubber ring, through the larger open¬ 
ing, smoothed off, and placed (on its large end) on a glass plate and the smaller end 
smoothed off with a trowel; the paste, confined in the ring, resting on the plate, is 
placed under the rod l>earing the cylinder, which is brought in contact with the 
surface and quickly released. 



The paste is of normal consistency when the cylinder, released from contact 
with the surface, [)enetrates to a point in the mass 10 mm. (o 39 iruh) l>eIow the 
top of the ring and there slops Great rare must he taken to fill the ring exactly 
to the top. 

The trial pastes are made with varying percentages of water until the correct 
cx>nsistency is obtained. 

The committee has recommended, as normal, a paste the consistency of which 
is rather wet, because it lielicves that variations in the amount of compression to 
which the briquette is subjected in moulding are likely to be less with such a paste. 

Time of Setting. — The object of this test is to determine the time which elapses 
until the paste ceases to be fluid and plastic, called the initial set, and also tlie time 
required for it to acquire a certain degree of hardness, called the final set. 
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For this purpose the Vicat needle, which has already been described, should be 
used. In making the test, a paste of normal consistency is moulded and placed 
under the rod (L), Fig. 117; this rod when bearing the cap (D) weighs 300 gr* 
(10.58 02.). The needle (//), at the lower end, is i mm. (0.039 in diameter. 
Then the needle is carefully brought in contact with the surface of the paste and 
quickly released. 

The setting is said to have commenced when the needle ceases to pass a point 
5 mm. (0.20 inch) above the upper surface of the glass plate, and is said to have 
terminated the moment the needle does not sink visibly into the mass. 

The test-pieces should be stored in moist air during the test. This is accom¬ 
plished by placing them in a rack over water contained in a pan and covered with a 
damp cloth, the cloth to be kept away from them by means of a wire screen, or 
preferably they may be stored in a moist box or closet. 

The determination of the time of setting is only apj)roximate, since it is mate* 
rially affected by the temperature of the mixing water, the percentage of the water 
used, and the amount of moulding the paste receives. 

Standard Sand. — The committee recommend at present the use of a natural 
sand from Ottawa, 111 ., screened to pass a sieve having 20 meshes per lineal inch 
and retained on a sieve having 30 meshes per lineal inch; the wires to have diame¬ 
ters of 0.0165 and 0.0112 inch respectively. I'his sand will be furnished by the 
Sandusky Portland Cement Co., Sandusky, Ohio, at a moderate price. This 
sand gives in testing considerably more strength than the crushed quartz of the 
same size formerly employed for this purpose, 

Form of Briqueitc. —* The form of briquette recommended is shown in Fig. 120. 
It is substantially like that formerly used exce])t that the corners are rounded. 

Moulds. — The moulds should be made of brass, bronze, or some equally non- 
corrodible material, and gang moulds of the form .shown in Fig. 118 are recom¬ 
mended, They should be wijK^d with an oily cloth before using. 

Mixing. — Ail pro}X)rlions should he stated by weight; the quantity of water to 
be used should he stated as a percentage of the dry material. The metric system is 
recommended because of the convenient relation of the gram and the cubic centi¬ 
meter. I'he temperature of the room and the mixing water should be as near 
21^ C. (70® F.) as it is practicable to maintain it. 

The sand and cement should be thoroughly mixed dry. The mixing should be 
done on w^me non-absorbing surface, preferably plate glass. If the mixing must 
be done on an absorbing surface, it should be thoroughly dampened prior to use. 
The quantity of material to be mixed at one lime dejicnds on the numt)er of test- 
pieces to be made; a])out 1000 gr. (35.28 o/.) makes a convenient quantity to 
mix, especially by hand methods. 

The material is weighed, dam]iened, and roughly mixed with a trowel, after which 
the oj')eration is completed by vigorously kneading with the hand for i J minutes. 

Moulding. — Having worked the mortar to the proi)er consistency it is at once 
placed in the mould by hand, being pre.ssed in firmly with the fingers and smoothed 
off with a trowel without ramming, but in such a manner as to exert a moderate 
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pressure. The mould should Ixi turned over and ♦he operation repeated. The 
briquettes should be weighed prior to immersion, ana those which vary in weight 
more than 3 per cent from the average should be rejeci?d. 



OFTAIL8 rOR GANG MOULD 


Fig. 118. 



FORM OF CLIP DETAILS FOR BRIO'lETTE 


Fig. no. 120. 

Standard Clip and Briquettk adopted by the American Society for 
Testing Materials, 1904. 

Storage of the Test-pieces. — During the first twenlydour hours after mould¬ 
ing, the test-pieces should be kept in moiT air to prevent them from drying out. 
A moist closet or charalH^r is so easily devised that the use of the <lamp cloth should 
be abandoned if }X)ssible. Covering the tesl-j)ieces with a damp cloth is objec¬ 
tionable, as commonly used, because the cloth may dry out unequally, and, in con¬ 
sequence, the test-jjieres arc not all maintained under the same condition. Where 
a moist closet is not available, a cloth may be u^ed and kept uniformly wet by 
immersing the ends in water. It should be kept from direct contact with the test- 
pieces by means of a wire screen or some similar arrangement. 

A moist closet consists of a soapstone or slate box, or a mctal-Iined wooden box 
—the metal lining being covered with felt and this felt kept wet. The bottom of the 
box is so constructed as to hold water, and the sides are provided with cleats for 
holding glass shelves on which to place the briquettes. Care should be taken to 
keep the air in the closet uniformly moist. 

After twenty-four hours in moist air the test-pieces for longer periods of time 
should be immersed in water maintained as near 21° C. (70® F.) as practicable; 
they may be stored in tanks or pans, which should be of non-corrodible material. 
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Tensile Strength. — The tests may be made on any standard machine. A solid 
metal clip, as shown in Fig. 119, is recommended. This clip is to be used without 
cushioning at the ix)ints of contact with the test-specimen. The bearing at each 
point of contact should be i inch wide, and the distance between the center of 
contact on the same clip should be li inches. 

Test-pieces should be broken as soon as they are removed from the water, the 
load being applied uniformly at the rate of about 600 p(junds j3er minute. The 
average tests of the briquettes of each sample should be taken as the strength, 
excluding any results which are manifestly faulty. 

Constancy of Volume, — The object i.s to develop those qualities which lend to 
destroy the strength and durability of a cement- As it is highly essential to deter¬ 
mine su(h qualities at once, tests of this character are for the most part made in a 
very short time, and are known, therefore, as accelerated tests. Failure is revealed 
by cracking, checking, .swelling, or disintegration, or all of these phenomena. A 
cement which remains perfectly sound is .siiid to be of constant volume. 

I'ests for constancy of volume are divided into two classf‘S: (i) normal tests, or 
those made in either air or water maintained at aliout 21® C. (70^ F.), and (2) 
accelerated tests, or tliose made in air, steam, or water at a temperature of 45° C. 
(115'^ F.) and upward. The test-pieces should be allowed to remain twenty-four 
liours in mc)ii.t air Ijefore immersion in water or steam, or pres<.Tvation in air. 

For these tests, pats, about yi cm. (2.95 inches) in diameter, ij cm. (0.49 inch) 
thick at the center, and tapering to a thin edge, should be made, upon a clean glass 
plate [about lo cm (3.94 inches) square], from cement paste of normal con.sistency. 

Normal Test, — A pat is immersed in water maintained as near 21*^ C. (70° F.) 
as jx^ssible for 28 days, and observed at intervals. A similar pat is maintained in 
air at ordinaiy lcm[)erauire and observed at intervals, 

Arcdcrakd Test — A i)at i.s exposed in any convenient way in an atmosphere of 
steam, above boiling water, in a loo.sely clo.sed ves.sel for three hours. 

To pass these tests satisfactorily, the pats should remain firm and hard, and 
show no .signs of cracking, distortion, or disintegration. Should the pat leave the 
plate, distortion may be detected l>est with a straight-edge applied to the surface 
which was in contact with the plate. In the ])resent state of our knowledge it 
cannot be said that cement should neces.sarily be condemned simply for failure to 
j)as.s the accelerated tests, nor can it be considered entirely Stitisfaclor}nf it has 
passed these tests. 

AMERICAN SOCIETY FOR TESTING MATERIALS’ SPECIFICATIONS 
FOR CEMENT (Nov. 14, 1904). 

I. General Conditions — {a) All cement shall be in.spected. 

{h) Cement may be inspected either at the place of manufacture or on the work. 
{c) In order to allow ample time for inspecting and testing, the cement .should 
be stored in a suitable weather-tight building having the floor properly blocked 01 
raised from the ground. 
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(rf) The cement shall be stored in such a manner as to permit easy access for 
proper inspection and identification of each shipment. 

(<2) Every facility sliall l)e provided by the contractor and a period of at least 
twelve days allowed for the inspection and necessary tests. 

(/) Cement shall be delivered in suitable packages with the brand and name of 
manufacturer plainly marked thereon. 

ig) A bag of cement shall contain 94 pounds of cement net. Each barrel of 
Portland cement shall contain 4 bags, and each barrel of natural cement shall con 
tain 3 bags of the above net weight. 

(h) Cement failing to meet the seven-day requirements may be held awaiting the 
results of the twenty-eight-day tests before rejection, 

(f) All tests shall be made in accordance with the methods proposed by the 
Committeeon Uniform Tests of Cement of the American Society of Civil Engineers, 
presented to the Society January" 21,1903, and amended January 20,1904, with all 
subsequent amendments thereto. 

O’) The acceptance or rejection shall be based on the following requirements: 

2. Natural Cement — Definition. — This term shall be applied to the finely 
pulverized product resulting from the calcination of an argillaceous limestone at a 
temperature only sufficient to drive off the carbonic acid gas. 

(a) Specific Gravity. —The specific gravity of the cement thoroughly dried at 
100® C. shall be not less than 2.8. 

(b) Fineness, — It shall leave by weight a residue of not more tlian 10 per cent 
on the No. 100 sieve, and 30 per cent on the No. 200. 

(c) Time of Setting, — It shall develop initial set in not less than ten minutes, 
and hard set in not less than thirty minutes nor more than three hours. 

(d) Tmsile Strength, — The minimum requirements for tensile strength for 
briquettes one inch square in cross-section shall be within the following limits, and 
shall show no retrogression in strength within the periods specified:* 


Age. neat cement. Strength. 

24 hours in moist air. 50-100 lbs* 

7 days (i day in moist air, 6 days in water) . 100-200 

28 days (i day in moist air, 27 days in water)... 200-300 “ 

ONE PART CEMENT, THREE PARTS STANDARD SAND. 

7 days (i day in moist air, 6 days in water) . 25-75 

28 days (i day in moist air, 27 days m ater). 75 -“ 3 L 50 “ 


{e) Constancy of Volume, — Pats f neat cement about three inches in dia¬ 
meter, one-half inch tliick at center, tapering to a thin edge, shall be kept in moist 
air for a period of twenty-four hours. 

♦ For example, the minimum requirement for the twenty-four-hour neat-cement 
test should be 'some specified value within the limits of 50 and 100 pounds, and so on 
for each period stated. 
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1 . A pat is then kept in air at normal temperature. 

2. Another is kept in water maintained as near 70® F. as practicable. 

These pats are observed at ini rvals for at least 28 days, and, to satisfactorily 
pass the tests, should remain firm and hard and show no signs of distortion, check¬ 
ing, cracking or disintegrating. 

3. Portland Cement — Definition, — This term is applied to the finely pul¬ 
verized product resulting from the calcination to incipient fusion of an intimate 
mixture of properly proportioned argillaceous and calcareous materials, and to 
which no addition greater than 3 per cent has been made subsequent to calcination. 

(а) Specific Gravity, — The specific gravity of the cement, thoroughly dried at 
100° C., shall be not less than 3.10. 

(б) Fineness, — It shall leave by weight a residue of not more than 8 per cent 
on the No. 100 sieve, and not more than 25 per cent on the No. 200. 

(c) Time ofiSetting, — It shall develop initial set in not less than thirty minutes, 
but must develop hard set in not less than one hour nor more than 10 hours. 

{d) Tensile Strength .—The minimum requirements for tensile strength for 
briquettes one inch square in section shall be within the following limits, and shall 
show no retrogression in strength within the periods specified:* 


A«c. NEAT CEMENT. Strength. 

24 hours in moist air. 150-200 lbs. 

7 days (i day in moist air, 6 days in water).450-550 ** 

28 days (i day in moist air, 27 days in water). 550-650 ** 

ONE PAKT CEMENT, THREE PARTS SANP. 

7 days (1 day in moist air, 6 days in water). 150-200 ** 

28 days (i day in moist air, 27 days in water). 200-300 “ 


(e) Consiaficy ofi Volume, — Pats of neat cement about three inches in diame¬ 
ter, one-half inch thick at the center, and tat)ering to a thin edge, shall be kept in 
moist air for a period of twenty-four hours. 

1. A pat is then kept in air at normal temperature and observed at intervals 
for at least 28 days. 

2. Another pat is kept in water maintained as near 70° F. as practicable, and 
observed at intervals for at least 28 days. 

3. A third pat is exposed in any convenient way in an atmosphere of steam, 
above boiling water, in a loosely closed vessel for five hours. 

These pats, to satisfactorily pass the requirements, shall remain firm and hard 
and show no signs of distortion, diecking, cracking, or disintegrating. 

(/) Sulphuric Acid and Magnesia .—The cement shall not contain more than 
1.75 per cent of anhydrous sulphuric acid (SOa), nor more than 4 per cent of mag¬ 
nesia (MgO). 

♦For example, the minimum requirement for the twenty-four-hour neat-cement 
test should be some specified value within the limits of 1 50 and 200 pounds, and so on 
for each period stated. 
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Report Blank. — The following is a blank for reporting the results 
of cement testing: 
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CHAPTER VI. 


MEASUREMENT OF PRESSURE. 

85. Pressure, Definitions and Units. —The term pressure, as 
employed in engineering, refers to the force tending to compress a 
body, and is generally expressed as follows: (i) In pounds per 
square inch; (2) In pounds per scjuare foot; (3) In inches of mer¬ 
cury; (4) In feet or inches of water. 

The values of these different units of pressure are as follows: 


TABLE SITOWINCr RELATION BETWEEN PRESSURE EXPRESSED IN 
POUNDS, AND THAT EXPRESSED IN INCHES OF MERCURY, 

OR FEET OF WATER. 


I’rchbute in 
Pounds per Sti 
Inch. 

Pressure in | 

Pounds i>er Sq. 

! Foot, 1 

70*^ Fa hr. 

Inches of Mer¬ 
cury. 

Feet of Water, 

Inches of Water. 

I 


2.0378 

2.307 

27.68 

2 

288 ; 

4 075 <> 

4.614 


3 

432 

6.1134 

021 

83.04 

4 

576 

8.0512 

9-23 

110.72 

5 

770 

ro.1890 

11.54 

I3S.40 

6 

864 

12.2208 

13 ^5 

166.08 

7 

1008 

14.2646 

16.15 

* 93 -76 

8 

1152 

16.3021 

18.46 

221.44 

9 

T2q6 

18.3402 

20.76 

24Q.12 

10 

14-10 

20.3781 

23.07 

776.Ho 


I'he barometer pressure is that of the atmosphere in inches of 
mercury reckoned from a vacuum. At the sca-levcl, latitude of 
Paris, the normal reading of the barometer is 29.922 inches of mer¬ 
cury at 32® F. corresponding to a pressure of 14.7 pounds per square 
inch. 

Gauge or Manometer pressure is reckoned from the atmospheric 
pressure. 

Absolute pressure is measured from a vacuum, and is equal to the 
sum of gauge-pressure and barometer readings expressed in the 
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same units. Absolute pressure is always meant unless otherwise 
specified. 

Pressure below the atmosphere is usually reckoned in inches of 
mercury from the atmospheric pressure, so that 29.92 inches would 
correspond to a perfect vacuum at sea-level, latitude 49°. 

86 . Measurement of Pressure. — Pressure is always measured as 
a difference, that is, as pressure above or below some other pressure. 
Although there are apparent exceptions, no instrument has really 
been devised which actually measures absolute pressure. It would 
seem at first sight as though the barometer measured the absolute 
pressure of the atmosphere and thus formed an exception to this 
rule. What it really docs is to measure the difference between the 
atmospheric pressure and the pressure of mercury vapor and any 
other gas present in the upper part of the barometer tube. The 
correction thus made necessary is, however, always negligible. 

The common jtressure measurements are all made from the atmos¬ 
pheric pressure as a base, that is, they are pressures in i)ounds, 
or feet or inches of water or mercury above or below atmosphere. 
For a knowledge of absolute pressure it is therefore necessary to 
add to or subtract from the atmospheric pressure at the time of 
measurement. 

The instruments for measuring pressures divide themselves 
naturally into two classes, those for low pressures, say up to about 
15 pounds above atmosphere, and those for higher pressures. To 
a certain extent the types used for measuring the higher pressures 
are also used below 15 pounds, but they become less accurate as 
the pressure to be measured decreases. The low-jucssure measur¬ 
ing devices generally take the form known as Manometers; those 
for higher pressures are generally some form of gauge. 

87. Manometers.—The term manometer is frecjucntly applied 
to any apparatus for the measurement of pressure, although it is the 
practice of American engineers to use this term only for short 
columns filled with mercury, water or other liquid and used to 
measure small pressures. The pressure is measured in the ordinary 
case either above or below the atmosphere. To convert this into 
absolute pressure, find the sum of barometer and manometer 
readings in the first case and the difference between tliem in 
the second case. All readings must be in the same units. 
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The manometers in common use are glass or metal tubes, either 
U-shape in form, as in Fig. 121, or straight and connected to a 
cistern of considerable cross-section, as shown in Fig. 122. 



Fig. 121 —Tvpi' of Okuinakf J-ig —Cisti.rn Manometer. 

Manomiter 

Pressures below llie atmosphere can be measured equally well 
by connecting to the long branch of the tube and leaving the short 
branch open to the atmosphere. 

88 . U-shaped Manometer. —In the U-shaped tube, with any 
form, as shown in Fig. 121, mercury, water, or other liquid is 
poured in both branches of the tube and the pressure is applied 
to the top of one of tlie tubes. When no pressure is applied, the 
liquid will stand at the same level in both lubes; when pressure 
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is applied, it is depressed in one tube and raised in the other. The 
pressure above or below atmosphere corresj)onds to the vertical 
distance between the surface of the liquid in the two tubes and can 
be reduced, as explained in Article 85, to pounds ])ressure per 
square inch. 

An inch of water at a temperature of 70° F. corresponds to a 
pressure of 0.0361 pound; an inch of mercury, to 0.4905 })ound. 
The principle of action of the U-shaped manometer-tubes is as 
follows: Consider the atmospheric pressure as acting on one side 
of the tube, and the pressure which is to be measured and which 
is greater or less than atmosj)heric as acting on the other side. 
The total ab.solute pre.ssure in each branch of the tube must be 
equal, consequently enough liquid will flow from the side of the 
greater to the side of the less to maintain equilibrium. Thus let 
p be the atmospheric pressure and p^ the absolute pressure to be 
measured, both expressed in inches of water or mercury; h the 
height of the column on the side of the atmosf)herc; /q the height 
on the side of the pressure, the latter both measured above some 
reference line. Then, if h and p are expressed in the same imits, 

p h = p^ + Aj, 

from which 

p^ - p ^ It ~ /q. 

A very important measurement commonly made by means of 
U-shaped manometers is that of chimney draught. So imj)ortant 
is this use that many special types of such manometers have been 
produced for the purpose. They arc generally known as Draught- 
gauges. 

A very complete draught-gauge of the U shaped manometer type, 
with attached thermometer and a movable scale the zero of which 
can be set to corres])ond to the lower water surface, is shown in 
Fig. 123 as designed by J. M. Allen of the Hartford Boiler Insur¬ 
ance Co. 

A draught-gauge designed by the author is shown in Fig. 124. 
This gauge is arranged so that one scale will give difference in eleva¬ 
tion of the liquid in the two columns. This is accomplished by set¬ 
ting the collar F to the lower meniscus of the liquid by the screw E; 
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then by setting the collar i/ to the meniscus of the liquid in the other 
column by means of the micrometer-screw R, the height of the 
column may be read on the attached scale and the micrometer- 
screw R. The reflection from the two edges of the meniscus enables 



the scales lo Ik- set with great accurac}'. The inches and tenths 
of inches are read on the attached scale, the hundredths of inches 
by the graduations of the micrometer-screw R. 

89. Cistern-manometer.—In tlie case of a manometer of the 
form of Fig. irq, the iiskrn or vessel into which the tube is con¬ 
nected has a large area relative to that of the tube. Pressure is 
applied to the top of the liquid in the cistern, the surface of which 
will be depressed a small amount, and the liejuid in the tube 
will be raised an amount sufficient to balance this pressure. The 
pressure above atmosphere corresponds to the vertical distance 
from the surface of the liquid in the tube to that in the cistern. 




172 


EXPERIMENTAL ENGINEERING 



Fig, 125. 
Mfrcuby 
Column. 


As the liquid is not usually in sight in the cistern, 
a correction is necessary to the readings in order 
to find the correct height corresponding to a given 
pressure. This correction is calculated as follows: 
Let A equal the area of surface of the liquid in the 
cistern, a the area of the manometer-tube, H the 
fall of liquid in the cistern, h the corresponding rise 
of liquid in the tube, b the height required for one 
pound of pressure (see Article 85), p the number of 
pounds of pressure. We have then 


H + h 



and since the tube is supplied by liquid from the 
cistern, 

HA = ha. 


Eliminating H in the two equations, 


h == 


Apb 
A A" a 


If /> = one pound, 


h 


Ah 

A A- a 


which is the length the graduation should be made 
to allow for fall of mercury in the cistern and give 
a value equal to one pound of pressure. 

To make this correction applicable the area 
of cross-section of both tube and cistern should 
remain uniform. 

90. Mercury Columns. — Mercury columns, as 
used in the laboratories, are usually made on the 
principle of the cistern-manometer. The tube is 
very long and made of glass or steel carefully 
bored out to a uniform diameter. If the tube is of 
glass, the height of mercury can be readily perceived 
and read; if of steel, the height of the mercury is 
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\jsually obtained by a float, which in some instances is connected 
to a needle which moves around a graduated dial. 

In some of these instruments electric connections arc broken 
whenever the mercury passes a certain point, and an automatic 
register of the reading is made. Fig. 125 shows the usual form of 
the mercury column, in which the pressure is applied in the upper 
part of the cistern, so as to come directly on the top of the mercury. 
In the case of a glass column the graduations are usually made on 
an attached scale, and are corrected as explained in Article 89 for 
the fall of mercury in the cistern. 

Corrections to the Mercury Column. —The mercury column 
is usually the ultimate standard by which all jwessurc-gauges are 
compared, and its accuracy should be thoroughly established in 
every particular. 

The requirements for an accurate mercury column are; 

1. Uniform bore in cistern and tube. 

2, Accurate graduations. 

The corrections to the readings arc: 

1. For Inaccuracies ojGraduation. —As it is impossible to make 
the graduations perfectly accurate, the error in this scale should be 
carefully determined, and the readings corrected accordingly. 

2. For expansion of the mercury, lube and scale due to increase 
of temperature. 

The method of correcting for expansion of the mercury and the 
material enclosing it would be as follows: 

Let X equal the coefficient of lineal expansion of the mercury, 
and 3 A that of the cubical cx})ansion per degree Fahr.; let d equal 
the coefficient of lineal expansion of the metal of the cistern, and d' 
that of the material of the tube. Let H' equal the depression in 
the cistern, h' the corresponding elevation in the tube corresponding 
to a pressure of one pound, and a difference of level of b'. Let b 
equal the difference of level corresponding to a jwessure of one pound 
at a temperature of 60° F. Then, as before, 

hc ^ A(i + 2d')b{x + 3A) _ 

a'-h A' fl(i + 2 5 ') + .d(i + 2 5 ) 
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3. For the Capillary Action of the Tube. — This force depresses the 
mercury in the lube a distance which decreases rapidly as the diam¬ 
eter increases. 

The amount of this depression is given in Loomis’s Meteorology 
as follows: 


Diameter of 

T uIh' 

Incli 

D< T>tebs‘>ion 
Inch 

Diameter of 
Tube 

I nc It 

DeprtsMon 

Inch 

0 OS 

0 J()^ 

0 |0 

, 0 

i 0 

0 JO 

0 14 f 

0 4^5 I 

1 0012 

0 1 

0 oS; 

0 c;o 

j 0 ooS 

0 20 

0 

0 <)0 

0 004 

0 -s 

0 041 

0 70 i 

0 

0 

G 

0 ^0 

0 OJ(| 

0 (So 1 

1 0 001. > 

0 

0 OJl 

1 

t 


Variations in the bore of tube might cause slight variations in 
the value of this correction. 

4. There should also be considered a very slight correction, clue 
lo the fact that the force of gravity in different latitudes varies some¬ 
what. Since the weight of a given mass of mercury is equal to tlie 
product of the mass into the force of gravity, it will vary directly 
as tlie force of gravity, or, in other words, the assumed weight of 
mercury may not be exactly correct. 

MTiile it is well to give all these corrections their true weight, yet 
a false impression should not be incurrc'd concerning their impor¬ 
tance. It is hardly probable that the corrections for change in 
temperature, or corrections for the difference in the force of gravity 
from that at the sea-level on the equator, would in any event make* 
a .sensible difference in the readings of any account in engineering 
practice. 

91. Multipl3dng and Differential Manometers. —In many cases 
the ordinary U-shaped manometer does not indicate sufficiently 
small pressure variation for the work in hand. For such purposes 
it is customary to use multiplying manometers. These divide 
roughly into two classes: mechanical multiplying manometers and 
differential multiplying manometers. Descriptions of both types 
are given below. 
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As in the case of the U-shaj)ed instruments, man)" of the best forms 
of multiplying manometers have been j)roduceci for measuring 
chimney draughts and are known as draught-gauges. 

1. Mechanical Multiplying Manometers. --A form of multiply¬ 
ing manometer,commonly known as PclM's Draught-gauge, shown 
in Fig. 126. It consists of a bottle, A, with a mouthpiece near the 
bottom into which a lube, KB, is 

insert(‘d with ;tny convenient in- 5 f _________ _ /fy° 

clination. The ujtpcr end of the * _ r 

tube is bent upward, as at BK, ^ 

and connected with a rubber —- 

tube, KC, leading to the chim- 

ney. The tube is fastened to a convenient su])i)ort, and a level, D, 
is attached. To use the instrument, first level it, note reading of 
scale, then attach it to the chimney, and take the reading, which will 
be, if the inclination is one to five, live times the difference of level 
in tlie bottle and tube. The scale should be graduated to show 
differences of level in the bottle, and thus give the jircssure directly 
in inches of water. A commercial form of this gauge is shown in 
Fig. T27. 



Fio 127. — Mui innAiNG Uk xuc.ut-gauge 


An ingenious modification of this instrument, known asthe 5 ar- 
genl Draft-gauge, is shown in Fig. 128. The functions of the bottle. 
A, of Fig. 126 are fierformed by the nickeled brass tube about which 
the spiral is wound. The spiral which takes the place of the inclined 
tube of Pecl^t is made of transparent celluloid and the height of the 
liqu.d in it is read by means of the scale carried on the metal 
reservoir. 
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Another form of this class of manometers is shown in Fig. 129, 
as designed by Mr. C. P. Higgins, of Philadelphia. The gauge is 
filled with water above the level of the horizontal tube, in such a 
manner as to leave a bubble of air about one-half inch long near one 
end of the horizontal tube when the water is level in the side tubes. 
The inside diameter of the vertical tubes being the same, say one- 
half inch, and that of the horizontal tube one-eighth of an inch, a 
draught or pressure equivalent to one inch in water, or which will 
cause the water-level in the vertical lubes to vary one inch, will cause 
the bubble in the tube to move eight inches in the horizontal tube. 
In general, the air-bubble moves a distance inversely proportional 
to the area of the tubes, and hence this gauge can be read more 
accurately than the ordinary manometer. 



Fio. 128.— Sargent Fig. 129. — Higgins’s Fig.'130,— Kent’s 

Deaught-gauge Draught-gauge. Draught-gauge. 


Fig. 130 shows a draught-gauge designed by Prof. Wm. Kent, 
the dimensions of which are marked on the figure, although they 
are not material for its operation. The gauge consists of a cup, 5 , 
which is partly filled with water, and an inverted cup. A, suspended 
above the cup, B, by a spring, C, with the lower and open end sub¬ 
merged in the water of the cup, B. The tube, E, extends through 
the side of the cup, B, with its upper end projecting above the surface 
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of the water in the cup, B, and is extended by suitable connection to 
the flue. 

By this connection the pressure in the inverted cup, A, is reduced 
to that in the flue where the pressure is to be measurefl, putting a 
greater load on the spring, C, which causes it to elongate. The 
amount of elongation will be proportional to the reduction in pressure 
and can be determined by the use of a suitable scale, the values of 
which are found by calibration. It is evident that the distance 
through which the cup, A, will move is dependent upon the area of 
its cross-section and the strength and length of the spring, C, and 
the immersion in the water. Commercial forms of this type of in¬ 
strument, in which the movement of the cup. A, is magnified by 
various means, are now made. 

2. Differential Multiplying Manometers. —A class of multi¬ 
plying manometers in which two liquids of different si)ecific gravities 
are used are known as differential manometers. Their theory can 



be best approached by first considering a simple but impracticable 
mechanical multiplying manometer, as shown in Fig. 131. It 
consists of a U-tube enlarged at the upper ends and fitted with the 
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small frictionless piston, P, as shown. The device is filled to the 
level indicated with any liquid, such as water. 

If now the same unit pressure p exist above each surface, 

p f =•/>-! h^8-, hjd = hjfS, 

where 8 stands for density of liquid. 

Increasing the pressure above the left-hand surface by A/>, that 
surface will sink a distance .-v and the piston will move down a dis- 

cance greater in the proportion —, that is, a- — • 

a a 

Writing the equation for equilibrium for these conditions 

A A 

p A- ^p h^8— xS + X — 8 — p hji -j- x8 f- a; — 

a a 

and since 

/;/ = h^8 

it follows that 

\p — 2 x8, 

which is exactly the same result as for the ordinary U-tube. 

If instead of reading the fall or rise of the upjier surface, the fall 

or rise of the piston is read, the actual distance read will be — greater 

a 

than x; therefore the indication oj the instrument can be made 
larger than that of the ordinary \J-shaped manometer jor the same 
pressure difference. 

The use of the solid piston is of course imj^racticable, so that all 
actual instruments substitute the film between two non-mixable 
liquids in its place. In general, however, the two liquids will not 
have the same densities and the theory of the instrument is then 
as follows: 

To develop the equation for this case, imagine a liquid of density 
5,, to occupy the space above the piston in Fig. 131 , and some other 
liquid with greater density, 8^, and not mixable with the first, to 
occupy the rest of the space in the manometer, that is, the right leg 
and the part of the left leg below the piston. Now remove the 
piston. With the same external pressure on both legs the surfane 
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of contact will move upward or downward, as the case may be, until 

AjO'j -= h^d^, 

the heads and being measured above the surface of contact 
as they were previously measured above the piston. 

Applying to the left leg the equation for equilibrium will 
now be 

p - ocd^ + p -{ + ocd.^, + x — dt, 

a a 

giving 

Ip - .T I O, -1 (Jj t- — (<?2 — «,) I • 

In practice the enlargements at the upper ends of the lubes are 
usually made of metal, so that the movement x cannot be observed. 
The measurement may be transferred to the dividing surface be¬ 
tween the two liejuids, provided this surface can be clearly recog¬ 
nized, Where the licjuids used are both water-white, as is the 
case with the pair most commonly used, that is, alcohol and gaso¬ 
line, it is ])ossible to clearly define this surface and its movement by 
coloring either one of the liciuids. 

-1 

Since .v — then becomes the quantity observed, a better form for 
a 

the equation of the instrument would be 

A/> -- X— i - ! {dn fl,) I * 

a i ~ A * 

The result, since the densities 'I are expressed with reference to 

A . 

water, is Aii in water-inches, if .v — is expressed in inches. 

a 

Note that the smaller the factor in brackets, the greater will be 

A 

x~ for the same value of Ap; that is, the smaller this factor the 
a 

more sensitive will the instrument be. To get a big multiplication, 
therefore, make ^ as small as fiossible, and choose two liquids 
whose densities are very close together. 
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The actual value of the pressure difference which causes a given 
movement of the surface of contact may be determined by calcu¬ 
lation from the equation above or by actual calibration. The 
latter method is always preferable. 

Another modification of this type is shown in Fig. 132. The 
heavier liquid, density is placed in the lower part of the manometer 



Fj(i. 232. 


and the lighter with density (\ in the u[)per jjart. T’he two enlarge¬ 
ments are connected, as shown, by a tube containing a valve. 
By opening the valve when the pressure is the same on both upper 
surfaces the two upper surfaces will assume the same level and the 
two surfaces of contact will assume the same level. If the valve 
is then closed and additional pressure applied to the left leg the 
equation for equilibrium is 

A A A 

p H- Lp •+• — xd^ + X — d ^ — p /ijfJj A — X — + 2 X — dj 

a a a 

and 

^P^2X-\^, -5,)j • 

a i A } 
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In this case 2 X — is the total difference in level between the two 
a 

contact surfaces in the two branches of the tube and is the quantity 
usually observed. The factors controlling the magnitude of the 
movement for any given are the same as for the multiplying 
manometer described just above. 1 l 

The principles of this type of manometer are 
embodied in the instrument known as Hoad Ley's I (in 

Draught-gauge and shown in Fig. 133. This gauge 
was used in the trials of a warm-blast apparatus, ■tJOH 

described in Vol. VI, Transactions American Soci- ^ ! 

ety Mechanical Engineers, page 725. It consists of 
two glass tubes, as shown in Fig. 133, about 30 
inches long, and about 0.4 inch inside diameter 11 
and 0.7 inch outside, joined at each end by means 
of stuffing-boxes to suitable brass tube connections, I 

by which they are secured to a backing of wood. -I 

The glass tubes can be put in communication with 
each other at top and bottom by opening a cock in 
each of the brass connections. Directly over each n||Hl 

tube is a brass drum-shaped vessel 4.25 inches in I] 

diameter and witli heads formed of jdate-glass. 

These drums are connected to the lubes, and also Hj! 

provided with stop-cocks and nipples to which rubber ||j' 

tubes can be attached. Two sliding-scales arc ar- Hi 

ranged along the lubes, one to measure the de- Hi 

pression, the other the elevation, of the surface of 
a liquid hlling the low'cr halves of the tubes. In J ’ W ! K 

the use of the instrument two liquids of different 
densities were used, a mixture of water and alcohol 
with specific gravity about 0.Q3 being used for the Hoo^ey’s 

heavier liquid, and cruile olive-oil with a specific Dkaugut- 

gravity of 0.Q16 for the lighter. c.\ugf,. 

92. Pressure-gauges. —Pressure-gauges in general use are of two 
classes, known respectively as the Bourdon and the Diaphragm gauges. 

I. The Bourdon Gauge. —In the Bourdon gauge the pressure 
is exerted on the interior of a tube, oval in cross-section, bent to fit 
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the interior of a circular case; ^thc application of pressure tends to 
make the cross-section round an^ thus to straighten the tube. This 
motion communicated by means of sectors and gears rotates an 
arbor carrying a needle or hand. 

The various forms of levers used for transmitting the motion of 
the tube to the needle are well shown in the accompanying figures, 
134 to 138. The levers are in general adjustable in length so that 
the rate of motion of the needle with respect to the bent tube can be 
increased or diminislied at will. Thus, in Fig. 134, and also in Fig. 



ElO. 151 - BoUK1j()\ (i\U(..L I'lC, I —Boukuon 


135, the lever carr}ing the sector is slotted where it is piwited to the 
frame; by loosening a set-screw the pivot can be changed in jiosition, 
thus altering the ratio of motion of hand and spring in different 
parts of the dial. 

Fig. 136 shows a gauge with a steel tube for use wnth ammo- 
niacal vapors which attack brass. A double tube construction is 
shown in Fig. 133. 

In nearly all these gauges lost motions of the parts are to some 
extent taken up by a light hair-spring wound around the needle- 
pivot. 

2. 7 'hc Diaphragm gauge. —In the diajihragm-gauge the pres¬ 
sure is resisted by a corrugated plate, which may be placed in a hori¬ 
zontal plane, as in Fig. 137, or in a vertical plane, as in Fig. 138, 
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The motion given the jilate is transmitted to the hand in ways similar 
to those just explained. 

In Fig. 137 the pressure is exerted on the corrugated diaphragm 
below the gauge, and the motion is transmitted to the hand by the 
rods and gears shown in the engraving. 

The construction shown in Fig. 138, in which the diaphragm is 
vertical, is as follows: the lever is’in two parts which are pivoted at 



Fig, 138.— Diaphragm Gaugf. 


the center; one end is fixed to the frame, the other connected to the 
sector. The center pivot is pressed outwarfl by the action of the 
diaphragm, drawing the free end downward and rotating the sector, 
which in turn moves the needle. 

In gauges of usual construction of either class, when there is no 
pressure on the gauge, the needle rests against a stop, which is placed 
somewhat in advance of the zero-mark, so that minute pressures 
are not indicated by the gauge. In the use of the instrument the 
needle sornetimes gets loose on the pivot, or turned to the wrong 
position with reference to the graduations; in such a case the needle 
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is to be removed entirely, and set wl>en the gauge is subjected to a 
known pressure. These gauges are also affected by heat. Hence, 
when set up for use with a heated medium, such as steam, a bent 
tube or a vessel which will always contain water should be inter¬ 
posed between the gauge and the hot material. All the devices 
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93. Vacuum-gauges.—Vacuum-gauges are con.structed in the 
same way as the Bourdon or diajihragm gauges; the removal of 
pressure from the interior of the bent tube or diaphragm causes a 
motion which is utilized to move the needle. These gauges are 
graduated to show pressure below that of the atmosphere corre¬ 
sponding to inches of mercury, zero being at atmospheric pressure. 
The difference between the reading by such a gauge and that 
of the barometer, taken at the same time, would be the absolute 
pressure in inches of mercury. 

94. Recording-gauges. — Recording-gauges are arranged so that 
the jiressure moves a iiencil or pen over a chart which is moved at a 
uniform rate by clock-work. The Edson recording-gauge is shown 
in Fig. 140. In this gauge the steam-pressure acts on a diaphragm 
which operates a series of levers giving motion to a needle moving 
over a graduated arc showing pressure in pounds; also to a pencil- 
arm moving parallel to the axis of a revolving drum. 
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This instrument has an attachment, which is furnished when re¬ 
quired, to record fluctuations in the speed of an engine, consisting of 
a pulley on a vertical axis below the instrument, which pulley is put 
m motion by a belt from the engine-shaft. On the small pulley- 



shaft are two governor-balls which change their vertical position with 
variation in the s]x‘ed, giving a corresponding movement up or down 
to a pencil near the lower part of the drum. A diagram is drawn 
on which uniform speed would be shown by a straight line. 

Fig. 141 shows Schaeffer & Budenberg’s recording-gauge. This 
is arranged with a pressure-gauge below the recording mechanism. 
The drum B is operated by clock-work, the piston-rod C, which 
carries the pencil, being moved by the pressure. The pencil- 
movement is much like that on the Richards steam-engine indicator. 
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Fig. 142 shows a portion of a diagram made by a recording- 
gauge. The drum is operated by an eight-day clock, and arranged 
to rotate once in twenty-four hours. In the diagram the ordinates 
show pressure, and the abscisste time in hours and fractions of an 
hour. 




P'lG T43 BlUblOL RiCOKDINC GAlfGK. 
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Figs. 143 and 144 show one type of Bristol recording-gauge. 
In this instrument the chart is circular and rotates about its 
center, the pressure ordinates being measured on radiating arcs, as 
shown. 



Fig. 144 --BujbioL Klcoruing Gauge. 


95. Gauge Calibration. —Gauges are calibrated in two ways; by 
comparison with other gauges with known error or by comparison 
with mercury columns or standard weights. 

I. Calibration by Comparison with Other Gauge'!. —For this 
purpose some form of pump is necessary. It generally consists of 
a cylinder into which a plunger can be driven by rotating a hand- 
wheel and is fitted with connections for the standard gauge and the 
gauge to be tested. Fig. 145 shows a portable form of this a}>pa- 
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ratus. The device shown in Fig. 146 may be used for a similar 
purj)ose by putting a standard gauge in place of the manometer 
shown. 



FiC,. 145 —PURTABLF GaUGF Tl STING Al’PVKVri'S, 


2. Comparii'On ivHh Mercury Column or Standard Weights. — 
Mercury Column. —The apparatus shown in Fig. 140 may be 
used for this puri)osc, connecting tlie mercury column at K^. This 
instrument tonsisis essentially of the c)linilerC'containing a plunger 
operated by the hand-wheel J). The cAlinder is tilled with water 
or other suitable liquid llirough tlie cu|) shown and then the same 
pressure ai)plied to both gauge an<l test column by driving the 
plunger inward. 

Another convenient method is to attach the gauge and the mer¬ 
cury column to a drum in which the pressure can be varied by ad¬ 
mitting steam or water under pressure through a throttle-valve. 

In all cases the gauge should be tap])ed before reading and com¬ 
parison should be made with the standard both with the pressure 
rising and with the pressure falling. This is necessary to minimize 
errors due to friction and lost motion in the gauge. 

The readings of the mercury column should be corrected in accu¬ 
rate work as outlined in Art. 90. 
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Fig. 146.— Gauge Tester with Mercury Column. 


Vacuum gauges axe practically always calibrated by comparison 
with a mercury column. The necessary vacuum may be obtained 
by means of any suitable air-pump or by connection to a condenser. 
The U-shaped manometer shown in Fig. 121 is a convenient form 
for this purpose, but it is necessary that each branch of the tube 
exceed 30 inches in length. 

Comparison with Standard Weights, — There are two forms of 
this apparatus for this purpose on the market; in one of these the 
pressure is received on a round piston, and in the other on a surface 
exactly one square inch in area. The friction in both cases is prac¬ 
tically inappreciable; the errors in areas can be determined by 
comparison with a standard mercury column. 
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One of the forms with round piston is known as the Croshy 
Gauge-testing Apparatus and is shown in Fig. 147. It is seen to 
consist of a small cylinder in which works a nicely fitted piston; this 
cylinder connects with a U-shaped tube ending in a pipe tapped and 
fitted for attaching a gauge. The tube is filled with glycerine, or 
oil, in which case a known weight added to the piston produces an 
equal pressure on the gauge, less the friction of the piston in the 
tube. This is almost entirely overcome by giving the weight and 
piston a slight rotary motion. 



Fig. 147.— SrANDARD Wiicnr Gauge Tester. 

The Square inch apparatus consists of a tube the end of which 
has an area of one square inch enclosed with sharp edges. This 
tube is connected to the test-pump in place of the standard (see Fig. 
146); a given weight is suspended from the center of a smooth plate 
which rests on the square-inch orifice. The gauge to be tested 
is connected at R, and the pressure applied until the plate is lifted 
and water escapes from the orifice. 
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96. Correction of Gauges. — If the calibration shows errors in the 
gauge, they may generally be corrected; if the error is a constant 
one, the hand may be removed with a needle-lifter, and moved an 
amount corresponding to the error, or in some gauges the dial may 
be rotated. If the error is a gradually increasing or diminishing 
one, it can be corrected by changing the length of the lever-arm 
between the spring and the gearing by means of adjustable sleeves 
or the equivalent. It is to be noted that the pin to slop the motion 
of the hand is not j)laccd at zero, but in high-pressure gauges is 
usually set at from three to five jiounds pressure. 

97. Forms for Calibration of Gauges. 


CALIBRATION OF STEAM-(;AlTlE BY COMPARISON WITH THE 
MERCURY COJ.UMN. 


Maker and No. of Gauge. 

Date.10 . Obst^rvers, | 


Mfrcurv (b»lunin. 


Ko. 


Gauge, 


fuel) f*R. 

r 

Tp. j Down. 


i 


Mcjui, 


Pountlh. 


Krior. 

INh. 



Tcm|)t‘ra 1 ure oi Room. deg. I'uhr. 

Center of Ciaiigc alxive o of cfilunin . .it. 
Corrcctioni to column reading. . .lbs. 


CALIBRATION OK STL.\M~GAU(;E BY C’OIVrPARlSON WITH THE 
SQUARMNCli G^lKiL, C)K WITH CROSBY'S GALGK- 
TESTING AT'PARAl'US. 


Maker and No, of Gauge,.. 
Date.19 . 


Observers, 


i 

I 


No. 


Actual PrPHHure 
U>H. per sq. In. 


Gau^n*. 


Rrrttr. 


Iteniarks. 

























CHAPTER VII, 


MEASUREMEWT OF TEMPERATURE. 

98. Temperature. —The term “temperature” is not easy to 
delinc. As a matter of fact no definition strictly accurate has ever 
been given, but to say that temperature is a measure of the tendency 
for one body to transmit lieal to another is probably open to least 
objection.* 

99. Thermometers and Thermometric Materials. — Instruments 
designed to measure tem])eraturc are generally called thermom¬ 
eters, but, depending upon the materials used or the principle 
of operation, special names arc often assigned to the different 
instruments. 

In general, what is really done in measuring temperature is to 
observe the temperature of the material of which the instrument 
is made, the construction being such that the thermometer acquires 
the temjieraturc of the medium in which it is placed. 

There are certain properties of matter, like lineal or volume 
expansion, electrical resistance, or the electromotive force set up 
in a thermojivic, wliich vary continuously with the temperature, and 
any of these may therefore be used to measure temjierature. 

As a consequence, the number of available thcrmometric materials, 
as w'cll as the variety of methods by which they may be employed, 
is (juite large. The former comj)rise gases, liquids and solids, and 
as far as the methods arc concerned the following is a fairly com¬ 
plete list; 

1. Expansion of a gas under constant or under variable pressure. 
This method is very little used. 

2. Increase in the {)ressure of a gas w'hen heated at constant 
volume. Of this class are all of the well-known gas thermometers, 
such as the air and the hydrogen thermometer. 

* See Edscr, Heat, for Advanced Students. 
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3. Expansion of a liquid under constant or variable pressure. 
The ordinary mercury and alcohol or ether thermometers belong 
to this class. 

4. Increase in the pressure of a completely confined liquid, such 
as mercury. This method is also little employed. 

5. A method utilizing the relation existing between the vapor- 
pressure of a given liquid and its temperature. Instruments built 
on this principle are known as thalpotasimeters, but are not much 
used. 

6. Expansion of solids. This usually consists in noting the rela¬ 
tive expansion of two dissimilar solids with respect to each other. 
The instruments arc usually known as expansion ])yrometers and 
quite widely employed. 

7. Fusion methods, which usually consist in cx}.x)sing a scries 
of materials of known fusing-points to the eiTcct of the temperature 
to be measured and noting which of the series fuse. 

8. Calorimetric methods, in which a body whose tera])erature is 
to be measured is mixed with a liquid having a different temper¬ 
ature. The temperature of the body may then be computed by 
the law of mixtures from the variation in temi)crature of the liquid. 

9. Electric methods, either determining the change in resistance 
of a given length of conductor as the temperature changes, or 
measuring the electro-motive force set uj) when a thermo-couple 
is exposed to the temperature to be measured. The former arc 
usually known as resistance thermometers, the latter as electric 
})yrometcrs. These instruments with proper handling are very 
accurate and much used. 

10. Optical methods. The instruments based upon optical 
methods may be of two kinds: those measuring total radiation from 
a given area of the hot body, and those which depend for their 
action upon the intensity of the luminous radiation given off. The 
former are often called radiation pyrometers. 

It will thus be noted that there is a great variety in the methods 
which may be used to measure any given temperature. But, 
depending upon where this temperature is located in the range, 
that is, low, moderate or high, it will usually be found that one or 
two methods should have the preference. The most reliable range 
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for each method or instrument will be pointed out in what 
follows. 

It will also be noted that the range of Ihermometric materials 
is quite wide, comprising, as it does, gas, liquids and solids. 

100. Thermometric Scales and Thermometric Standards. —-In 
all methods of measuring temperature, it is usual to establish, by 
arbitrary selection, two fixed standard temperatures, and then to 
divide the interval between them into a certain number of parts, 
called degrees. Tcm[)cratures higher or lower than these are then 
staled in the same ihermometric stale, by simply continuing the 
subdivision into degrees above or below the two standard fixed 
points. 

For the great majority of engineering work in this country the 
scale used is the Fahrenheit. In this scale the interval between 
the two standard fixed temperatures, which are usually the temper¬ 
ature of melting ice and that of water boiling under standard 
atmosplicric pressure, is divided into j8o equal parts or degrees. 
The temperature of melting ice (the freezing-point) being called 32 
degrees in this scale, the boiling-point of water under the conditions 
stated will then be 212 degrees. In the Centigrade scale the freez¬ 
ing-point is called o degrees and the boiling-point 100 degrees, there 
being too et^ual divisions or degrees in this range. The latter scale 
is much used for scientific work. Finally, there is a third scale, 
that of Rdaumur, in which the freezing is again called o degrees, 
but the interval between the two standard temperatures is divided 
only into 80 divisions or degrees, so that in this scale the boiling- 
point of water under standard atmospheric pressure is 80 degrees. 
This scale is now very little employed. 

It is very often necessary to change temperatures from the 
Fahrenheit into the Centigrade or vice versa. If — temper¬ 
ature on the Fahrenheit scale, and 7 '^ the same temperature as read 
on the Centigrade scale, then we may write the conversion formula 

(i) 

7; - a {Tf - 32). (2) 

Since all of our temperature measurements depend upon the 
variation of a certain property of the thermomctric material with a 
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change of temperature, the choice of a proper thermometric material 
to be used as a standard for comparing the action of all other thermo¬ 
metric materials under the effect of varying temperature becomes 
very important. It has been found in this connection that hydrogen 
gas shows a remarkably constant change In the pressure or in the 
volume, as the case may be, over a very wide range of temperature 
changes, and this, combined with the fact that the gas is fairly easy 
to obtain in a pure state, has caused the hydrogen gas thermometer 
to be accepted as the primary standard. This instrument, however, 
is rather delicate and requires a skilled observer, so that it will 
probably always remain a laboratory standard. For this reason 
a high-grade mercury thermometer, or other high-grade tem¬ 
perature indicator of less delicate nature than the hydrogen-gas 
thermometer, is often very carefully compared with the latter, 
and instruments so calibrated are tlien often used as standards 
of comparison, called secondary sUmdards. In (;rilinary labora¬ 
tory or engineering practice the calibration of thermometers by 
comparison with secondary standards is by far tlie more usual 
case. 

loi. Gas Thermometers. — One of the siinplest forms of gas 
thermometers is shown in Fig. 148. It consists of a bulb C one end 
of which is drawn out into a rather line tube which is usually 
bent at right angles at F. Tlie rest of tiie apjiaralus consists of a 
manometer FEE and a source A of sup])ly of mercury or other 
liquid to measure the pressure of the gas volume conllncd in C. 
At a there is either a scrat-'h on .he glass or, in the better grade of 
instruments, a black glass tip is lused in the side of the tube, to 
serve as an indicator for the constant volume of gas. The bulb C 
for the lower temperature range is usually of glass; for the higher 
ranges generally of porcelain. 

Fhe principle of the constant-volume gas thermometer is very 
simple. For any two states of a perfect gas we may write 


PI PJLt 

T T, ’ 


(3) 


where p, V and T represent absolute pressure, volume and absolute 
temperature respectively. 
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Now in the constant-volume gas thermometer, V = V, for any 
two observations, hence 


r r/ 


(4) 


and if is the temperature to be determined, we finally have 




h. 

p 


is) 



It is therefore necessary merely to observe p for any convenient 
absolute temperature T and to observe />, for the temperature J", 
to be determined. A convenient way to obtain T and p is to use 
melting ice, in which case T = 460 + 32 =■ 492°. 

p and />, are absolute pressures, consequently it becomes neces¬ 
sary to take barometric readings when using the instrument. The 
only reading that is really observed on the instrument is the differ¬ 
ence in level of the liquid in the branches of the manometer after 
the bulb has attained the temperature of the medium to which it 
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is exposed and after the level in the left-hand branch, Fig. 148, 
has been adjusted to stand at the mark a. Equation (5) may be 
modified as follows: Let w, and Wj be the height of the liquid 
levels from any convenient datum line, M, on the side of the 
bulb. If the pressure exerted by the gas is p and the barometer 
pressure is b, both expressed in the same units as w, and 
then we must have 


p - h + Wj, or p b + — m^. 

But n>^ — -= h -- didcrcnce in level, hence 


For any other state 


p = b + h. 


where 6, may or may not be equal to b. 
Therefore 


b + h _ £ _ £ 

b^-\^h^ Pi Tj 


i . = i -- - 

b h 


( 6 ) 


For the case where melting ice is used to determine T, this reduces 
to 


T, - ™ (i, + *,) - K{b, + (60) 

where JC is a constant for any given instrument. 

Different investigators have used varying forms of the gas ther¬ 
mometer, but the principle is the same in all. The gases commonly 
employed are air, nitrogen or hydrogen. For reasons already 
pointed out, the hydrogen-gas thermometer has been accepted as the 
primary standard temperature-measuring instrument. The range 
of the hydrogen thermometer is from about - 37^® F. to 
+ 2700® F, 

The greiit objection to the gas thermometer in practice is the 
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great care with which it has to be handled and the fact that tem¬ 
perature determinations with it take considerable time. 

The following rules and directions pertain primarily to the air- 
thermometer, but they hold equally well for any other gas: 

Construction of the Air-thermometer. —The bulb of the air- 
thermometer must be filled with perfectly dry air, as any vapor 
of water will vitiate the results. 

To accomplish this, the bulb is provided with a .small opening 
opposite the capillary tube, which is fused after the dry air is intro¬ 
duced. To effect the introduction of dry air, all the mercury is 
drawn into the bottle A, Fig. 148; the end of the tube E is con¬ 
nected to a U-tube about 6 inches long in its branches and about 
I inch internal diameter, filled with dry lumps of chloride of calcium 
and surrounded by crushed ice; the opening in the end of the air- 
chamber is connected by a rubber tube to an aspirator (a small in¬ 
jector supplied with water would act well as an asjiirator), and air is 
drawn through for three or four hours; at the end of this lime the 
bulb and tube should be filled with dry air. While the current of 
air is still flowing, the cock B is opened and mercury allowed 
to pass into the lubes until it rises to the point a in the tube BF\ 
the opening in the air-chamber is then hermetically sealed with a 
blow-pi])e, and the connections to the chloride-of-calcium tube 
removed. This o})eration fills the bulb with air at atmospheric 
{>ressure. By closing the cock B before the mercury has risen to 
the point a the pressure will be increased; by closing it after it 
has passed the point a it will be diminished. Packing the bulb C 
in ice, or heating it, will also increase or diminish the pressure as 
required. 

Corrections to Determinations by the Air-thermometer. —The 
corrections to the air-thermometer are all very small, and affect 
the results but little if considered. They arc; 

1. Capillarity, or adhesion of the mercury to the glass. In 
general the mercury in the two tubes BF and BE (Fig. 148) is 
moving in opposite directions, and the effect of adhesion is neutral¬ 
ized. 

2. Expansion of the glass. This is a small amount, and may 
usually be neglected. The coefficient of surface expansion of 
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glass is o.ooooi per degree F.; it is entirely neutralized if the column 
of mercury is not reduced in area at the point of meeting the air 
from the bulb. 

3. Expansion of the mercury should in every case be taken into 
account by reducing all observations to 32° F., the coefficient of 
expansion being 0.0001 per degree F. Reduce all observations 
before applying formula-. 

4, Errors in the fixed scale should be determined and observa¬ 
tions reduced before applying formula". 

Diredions for Use of the Air-thermometer. 

First. To obtain the Constants of the Instruments. — Surround 
the air-bulb with crushed ice, arrangi-d -^o tliat the water will drain 
off. Note the reading of the mercury column of the air-thermom- 
cter h and of the barometer b; by means of the attached ther¬ 
mometers reduce these readings for a temperature of the mercury 
corresjionding to 32° F. Correct for errors of graduation. Divide 
492 by the sum of these corrected readings for the constant of the 
air-thermometer, ('all this constant K. 

Second. To Measure any Temperature t ^.—Note the corre¬ 
sponding reading of the mercury column /i,, and that of a barometer 
b^ in the same room. 'I'he reading of the mercury column plus that 
of the barometer will corres])on<l to b^ | h^ in the formula 

b A- h 

To obtain from this the actual temperature subtract 460. 

Third. To Compare a Mercurial Thermometer .—Make simul¬ 
taneous readings of the thermometer, when hanging in the chamber 
which surrounds the air-bulb, and the height of the mercury column. 
Perform reduction, and jilot a calibration curve for each 10° of 
graduation. 

Fourth. For general use of the air-thermometer, arrange the 
bulb so that it can be inserted into the medium whose tem¬ 
perature is to be measured with tlie manometer in an accessible 
position. 
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Form for Reducing Air-thermometer Determinations. 

TEMPERATURE DETERMINATIONS WITH AIR-THERMOMETER. 
%. 


DETERMINATION OF CONSTANT 


! 
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11. 

III. 

IV. 

Torn jifuatun* oi iiinbiilh. 






— Rrading. 
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Reduced to 32^ . 

Air-thermometer — Reading. 

Thermometer. 
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ronslant 492 (b h ) . 
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102. Thermometers employing Liquids. —■ Under this general 
head may be classed several tem])eralure-measuring instruments 
of radically different type. 

Vapor-pressure Pyrometers or Thalpotasimeters make use of the 
fact that certain liquids when heated evolve vapors which, if con¬ 
fined, will exert a certain pressure for a definite temperature. 
Thus in the mercury thalyxitasimeter an iron tube is partly filled 
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with mercury which, if heated above a certain point, will give off 
a vapor which is made to exert a pressure upon a diaphragm, the 
motion of this diaphragm being communicated to a pointer moving 
over a scale graduated directly to degrees by calibration, the entire 
construction being very similar to a diaphragm steam-gauge. De¬ 
pending upon the range of temperature to which the instruraerjt 
is to be used, different liquids are used as per following table: 


Range, “P. 

— 85 to 4-55 
-t- 14 to I 212 
95 to 250 
212 to 440 
420 to 680 
680 to 1200 


Liquid. 

Liquid COj. 

Liquid SO,. 

Ether. 

Water. 

Hcav}' hydrocarbons. 
Mercury. 


The main objection to these instruments probably is that they 
must be cxi)Osed full length to the temiicrature to be measured. 

Somewhat similar to the above is the liquid-pressure pyrometer, 
which differs only in that the lube is completely tilled with the 
liquid and strong enough to stand the bursting strain resulting from 
the tendency to expand. The recording mechanism is the same 
as in the vapor-pressure instrument. By connecting the resert^oir 
holding the liquid to a very line capillary tube, the pressure due 
to expansion may be transmitted -^ome distance (up to 150 feet). 
In this case varying temperature of the capillary would affect the 
accuracy of the readings and it would be necessary to af)ply a cor¬ 
rection similar to the stem correction in mercury thermometers. 
In this instrument it is also necessary to exjwse the entire length of 
tube containing the liquid to the action of the temperature to be 
measured. The mercury-pressure thermometer may be used in the 
range of — 10 to -t- 1000® F. 

Mercury and Aleohol Thermometers .—Neither one of the two 
instruments above described are much used, but the third kind 
under the general head of thermometers using liquids, those 
employing the expansion 0} liquids, are very extensively used. 
To this class belong the ordinary mercury and alcohol ther¬ 
mometers. 
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The mercurial ihermometer consists of a bulb of thin glass con¬ 
nected with a capillary glass tube; on the best thermometers the 
graduations are cut on the tube, and an enameled strip is placed 
back of them to facilitate the reading. When the mercury is 
inserted, every trace of air must be removed in order to insure per¬ 
fect working.* There arc certain defects in mercurial thermom¬ 
eters due to permanent change of volume of the glass bulb, with 
use and time, that result in a change of the zero-point. In a 
good thermometer the bore of the tube must be perfectly uniform, 
which fact can be tested by separating a thread of mercury and 
sliding it from jx)int to point along the tube, and noting by careful 
measurement whether the thread is of the same length in all ])or- 
tions of the tube: if the readings arc the same, the bore is uniform 
or graduated by trial. In most thermometers the graduations are 
made with a <Uviding engine; in some thermometers the principal 
graduations are obtained by the thread of mercury, as described; 
in the latter case change in diameter of bore would be compensated. 
To determine the accuracy of temperature measurements ther¬ 
mometers used should be freciuenlly tested for freezing-point 
and boiling-point. The accuraiw of intermediate points should 
be determined by com|)arison with a standard mercurial or air- 
thermometer. 

Mercury freezes at-3Q°C. (-38.2°?.) and boils at 357° C. 
(675.6° F.) under atmospheric pressure, so that these tempera¬ 
tures represent the extreme limits of use of the ordinary mer¬ 
cury thermometer. In practice tire si)acc above the mercury 
in a thermometer is very often freed from aii in order to prevent 
oxidation of the mercury. In this case the boiling-point is even 
lower than 675° F., and the range of use is correspondingly 
narnwer, 550° F. being about the ujjper })ractical limit. In 
order to increase the range, so-called high-reading mercury ther¬ 
mometers are now made of high-grade glass and have the space 
above the film filled with some neutral gas like nitrogen or 
carbon dioxide under considerable pressure. The pressure varies, 
depending upon the range to which the instrument is to be 

* For a detailed discussion concerning the manufacture of mercury thermometers 
and the errors involved in their use, see Edser, Heat, for Advanced Students 
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used.* This method of construction of course raises the boiling- 
point of the mercury and it is thus possible to make thermometers 
which read up to 1300° F. They are very delicate to handle, 
however, the glass sometimes breaking from the induced tem¬ 
perature strains alone, to say nothing of the effect of any accidental 
rough handling. 

For these reasons 850 or 900° F. is probably about the upper 
commercial limit of use of such thermometers. Experiments have 
recently been successfully made to substitute (juartz for glass in 
order to produce a hardier instrument, ami mercury-<]uartz ther¬ 
mometers have been made to read up to 135°° but at present 
they are rather too costly for ordinary use. 

The construction of the alcohol thermometer is very similar to 
that of the mercury thermometer. Tht' cx})ansion of a given 
volume of alcohol is about ten times that of the same volume of 
mercury for the same temperature change, and hence an alcohol 
thermometer is a much more sensitive instrument than a mercury 
thermometer having the same bulb and tube. iXlcohol further 
possesses the advantage over mercury that it remains liquid down 
to - 130° C. ( —202°!'.) and may therefore be used for reading 
extremely low temperatures. On the other hand, it boils at 
about 78° C. (172*’F.), .so that its upjwr limit is not much above 
iSo^’F. 

Rules for the Core of Men urial Thermometers. — The following 
rules for handling and using mercuri;d thermometers, if carefully 
observed, will reduce accidents to a minimum: 

1. Keel) thermometer in its case when not in use. 

2. Avoid all jars; exerci.se especial care in placing in thermom¬ 
eter-cups. 

3. Do not expose the thermometer to steam heat unless the 
graduations extend to or beyond 350° F. 

4. In measuring heat given off by working-apparatus, or in 
continuous calorimeters, do not put the thermometers in place 
imtil the apparatus is started, and take them out before it 

* See the Bulletin entitled Heat Treatment of High Temperature Mercurial Ther¬ 
mometers, Department of Commerce and Labor, Bureau of Standards, Reprint No. 
32, H. C. Dickinson. 
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is stopped. Be especially careful that no thermometer is over¬ 
heated. 

5. In general do not use thermometers in apparatus not fully 
understood or which is not in good working condition. 

6. Never carry a thermometer wrong end up. 

7. Sec that the thermometer-cups are filled with cylinder-oil 
or mercury. If cylinder-oil is used, keep water out of the cups or 
an explosion will follow. 

8. After a thermometer is placed in a cu}), keep it from contact 
with the metal by the use of waste. 

103. Thermometers employing Solids. — Expansion and Fusion 
Pyrometers. —Expansion pyrometers are often called metallic 
pyrometers. The ordinary instruments sold under this name are 
made of two metals which hav'e different rates of expansion, copper 
and iron being generally used. The difference in the rate of expan¬ 
sion is employed by means of levers and gears to rotate a needle 
over a dial graduated to degrees. 

In using the metallic pyrometer no reading should be taken until 
it has had sufficient time to arrive at the temperature of the medium 
to which it is e.X}H)Scd. When the instrument is first ex]:x)sed, the 
needle may be stationary on the dial, or even have a retrograde 
motion, the heat at first affecting the outside tube only. In order to 
obtain readings to corrcs[)ond with the scale on the dial, it is nece.s- 
sary to insert tlie tube its entire length into the medium whose 
temperature is to be measured. This is often not convenient and 
con.stitutes one of the disadvantages of this type of instrument as 
usually made. 

The mclalli( pyrometer is usual!)’ calibrated by immersing in a 
pipe filled with steam under pressure and comparing the tera- 
])erature with that given by a calibrated mercurial thermometer. 
The scale so obtained is assumed to be uniform throughout the range 
of the pyrometer and beyond the limits of the calibration. Com¬ 
parison might be made with an air-thermometer. The extreme 
range of such ])yromclers is about 1200° P'., but they are probably 
of .little value for tcm])eratures exceeding 1000° F. 

Wedgewood’s Pyrometer is based on the permanent contraction 
of clay cylinders due to heating. This contraction is determined 
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by measurement in a metal groove with plane sides inclined towards 
each other. This pyrometer does not give uniform results. 

The type of fusion pyrometer is best exemplified by the so-called 
“Seger Cones.” These consist of a graduated .series of clay pyra¬ 
mids about 2^ inches high. The composition of the clay differs 
from number to number in the series. The range of temperature 
covered is from about 600 to 3400° the difference between 
consecutive numbers being in the neighborhood of 40° F. The 
method of using these cones consists in exposing a series covering 
the estimated temperature to the effect of the heat and noting 
which of them melt down or fuse. Softening on the edges or 
slight bending over is not to be taken as failure. The last of 
the series fused is taken to indicate the temperature attained. 
It will be seen that this method docs not give a positive measure¬ 
ment, but it is often used to indicate the temperature of jiottery 
furnaces. 

104. Calorimetric Pyrometers. —Pyrometers of this class deter¬ 
mine the temperature by heating a metal or other refractory sub¬ 
stance to the heat of the medium whose lem{>eraturc is to be meas¬ 
ured. Suddenly dropfiing the heated body into a large mass of 
water, the heat given off by the body is equal to that gained by the 
water; from this operation and the known specific heat of the sub¬ 
stance the temperature is computed. Thus, let K equal the speciffc 
heat of the body, Af its weight; let IF equal the wciglit of water, / its 
temperature before, and I' after, the body has been immersed; 
let T equal the temperature of the heated bod), t' its final temper¬ 
ature. Then 


From which 


KM{T - l') = W[t' - t). 


T 


W 

MK 


{f - 1) t'. 


In connection with pyromctncal work, the specific heat of the 
substance used often has to be determined. The best means of 
doing this is to heat a piece of the substance of known weight to a 
known temperature and then to cool it off in a calorimeter as above 
explained. With proper correction for radiation and water equiv- 
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alent of calorimeter, K may then be computed from the above 
equation. 

The metals best suited for pyrometrical purposes are those with 
a high melting-j)oint and a uniform and known sj>eciilc heat. The 
obvious losses of heat in (1) conveying the heated body to the 
calorimeter, and (2) radiation of heat from the calorimeter, may 
be considerable, and should be ascertained by radiation-tests 
and the proper correction made. Nearly all metals are oxidized, 
or acted on by the furnace-gases, long before the melting-point is 
reached; so that, in general, whatever metal is used, it should be 
protected by a fire-clay or graphite crucible, f’latinum, cop])er 
and iron are usually employed. The following table gives deter¬ 
minations of melting-points and specific heats: 

TAltLE OF MELTING-POINTS AND SPECIFIC HEATS OF METALS. 


Mnal. 

Melting-potnt. 

1 DcRroys j Degrtvs 

I Fahr. j Centigrade. 

Specific Heal 

Low TenifHTatures. 

Platinum . 

1 1 

1 

1710 

0 034 

Steel . . . . 1 



0 118 

Wrought iron. . .. . . 1 

1 2900 

1590 

0 no 

Cast-iron 

2400 

1310 

0 14 

Copper ... 

1980 

1083 

0 094 

Porcelain . . | 

f 


0 170 

Brass .... . . . . 

1B70 

1020 

0 094 

Zme .... . . ^ 

0 

QO 

410 

1 0 093 

Lead . 

• 021 


0 030 

Bismuth . . 

j SOI 

264 

0 030 

'f’in .. . . • • 

. 450 

232 

0 047 

IMercury., . 

i -.0 

. 

0 030 

Sulphur .. .. . 

j 239 

I15 

0 200 

Antimony. .. ... • • • 

797 

425 





The mean .specific heat of Platinum * has been the subject of 

careful investigation. It was found 10 vary from o.o,y^5o at roo° C. 
to 0.0377 at 1100° C., by Poullet, the experiment being made with 
a platinum reservoir air-thermometer. 

The following table gives some figures for both platinum and 
copper: 


* See Encyclopaedia Britannica, art. Pyrometer. 
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Platinum 

Coppei 

Range of Temperatute 

Ml nn Spccihc 

Range ot Temivraturc 

Mean Specific 

Degi'ecs Centigrade 

lit, at 

1 

Dtgjecs CtnLigiadt 

Heat 

0 to I00 

0 

i;; to 100 

0 09331 

0 200 


16 “ 172 

0 o<74«3 

0 300 


17 ‘‘ 247 

0 ogOiSo 

0 “ 400 

0^470 



0 500 

04518 



0 “ 600 

035560 



0 “ 700 

03^102 



0 800 

,03044 



0 900 

.03686 



0 1000 

03728 



0 ** 1100 

.04770 




For vjrjught-iron the true speciiic heal at a lempcratiue t on the 
Centigrade scale is given as follows b\ Wembold. 

G — 0.101^907 1 0.000065^8/ o.ooooooo6()477 


Porcelain or Fire-clay having a specific heat from o.iy to o. 
although not a metal, is well adapted for pvrometrical purposes. 

Hoadley Calorimetric Pytometer. —The Hoadley jiyrometer is 
described in Vol. VI., page 712, Transactions of the .\merican 



Society of Mechanical Engineers. It consisted of a vessel, Fig. 149, 
made of several concentric vessels of copper, with water in the inner 
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one, eider-down in the intermediate &j)aceb, and a cover of sim¬ 
ilar construction. Also a substance to be heated consisting of balls 
of platinum, or wrought-iron and copper covered with platinum. 
These balls were heated in a crucible, conveyed to the calorimeter 
and suddenly dropped in. The calorimeter was j)rovided with an 
agitator made of hard rubber, with a hole in the center for a thermom¬ 
eter. The balls used as heat-carriers weighed about three-quar¬ 
ters of a pound each; the vessel held about twelve ])ounds of water. 

The balls were heated in crucibles and conveyed to the calorimeter 
in a fire-clay jar as shown in Fig. 150. The cover of this jar was 



l-ri. it;o - I’l \ri\t\t liULS and C'RueiBii 


quickly removed and the balls dropped into the water in the calo¬ 
rimeter. 

With proper handling, calorimeters sliould give reliable results. 
There is, however, great danger t)f error in the transfer of the heated 
\)ody to the calorimeter, and this, combined with the fact that the 
indications are slow and require com]mtation, has prevented this 
method of measuring temperature from becoming general in engi¬ 
neering practice. 

105. Electrical Methods of Measuring Temperature.* —There are 
two classes of electrical pyrometers: resistance thermometers and 
thermo-couples. The former depend for their action upon the 
change of resistance of electrical conductors with a change of 
temperature, the latter upon the fact that the current .set ui> at the 
junction of a thermo-couple is a function of the temperature to 

* For an extended diS(u%ion on Ptlevtriial Pyiometers, see High Temperature 
Measurements by le Chateher and Boudouard, translated by Burgess. 
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which it is healed. Both methods of temperature measurement are 
susceptible of great refinement, and of late years several forms of 
these instruments have appeared which are suited to the require¬ 
ments of engineering practice. 

Resistance Thermotnekrs. — It has been observed that the 
resistance of electrical conductors generally increases with a rise 
in temperature. This interrelation may be mathematically ex¬ 
pressed so that it is possible to draw a curve between temperature 
and resistance for any given conductor. It hence becomes neces¬ 
sary merely to determine the resistance in order to read the tem¬ 
perature directly from a curve, but, while this method has been used, 
commercial instruments are usually so arranged that the scale of 
the indicating instruments reads directly in degrees. Such a scale 
may be constructed by direct comparison with a hydrogen-gas 
thermometer, or by comparison with a secondary standard. 

In order to make the instrument reliable it is necessary to use 
as the conductor a metal which will successfully resist the action of 
high temperatures and which at any given temperature always has 
the same resistance. It is found that platinum best meets these 
conditions, and platinum is therefore widely used. 

The best form of platinura-xcsistance thermometer is probably 
that of Professor Callendar, who finds that if a coil of pure annealed 
platinum wire is wound about a mica framework, the whole being 
protected against the action of gases by an outer tube of hard glass 
or porcelain (depending upon the temperature to be determined), 
then the temperature as deduced from an observation of the resist¬ 
ance of the wire will seldom be in error by more than C. at 
500° C., while at 1300° C. the error need not be more than C. 

Callendar’s method of using the resistance thermometer is 
described by Edser* as follows: 

“ The thermometer is supplied with two exactly similar sets of leads, one set T 
(Fig. 151) being connected to the ends of the spiral of fine platinum wire, while 
the other set C (called the compen.sating leads) are joined at their ends within the 
containing-tulje of the thermometer. The Wlieatstone-bridge arrangement com¬ 
prises two equal conjugate arms P and Q. Of the other two arms, one com¬ 
prises the platinum spiral, the leads T connected across the terminals AB, and 


* Heat, for Advanced Students, p. 401. 
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the right-hand part of a stretched wire FB; the other arm comprises a set of resist¬ 
ance coils R, the compensating leads C connected across EF, and the left-hand 
part of the wire FB. Let X represent the resistance 
of the platinum spiral, R that of the resistance coils, C 
and T the resistances of the two sets of leads, and 2 a 
the resistance of the wire FB, while x is the resistance 
of that part of this wire between its middle point and 
the galvanometer connection, so that the two parts 
of FB have resistances (<x + x) and (a — x). Then, 
since P and () are equal, the resistances in the other 
two arms of the bridge must be equal when no galva¬ 
nometer deflection is produced; in these circumstances 

R f C •+ a h X X + T + a ~ 

The two s(“Ls of leads arc exactly similar, being 
made of the same material and lying side by side, so 
that their tem|)eratures are always equal, and there¬ 
fore C' is always equal to T. Thus A' = R -(- 2 x." 

This method determines the resistance of 
the thermometer in terms of R and A'. If, 
however, the galvanometer circuits w'erc left 
connected I0 the middle point of FB, and 
the resistances so adjusted that with the 
thermometer cold the galvanometer stands 
at zero, then with the thermometer at some 

, ,,11 , 11 SLSTANCE THI RMOMETER. 

other temperature the galvanometer would 

show a deflection, which latter can be expressed directly in 
degrees, as explained. This is the method ordinarily used in 
commercial instruments. 

In the use of these instruments the following sources of error 
should be noted; 

(a) Heating of the Wire by the Measuring Current Itself.—This 
makes it necessary to keep the current down below^ a certain limit, 
as the heating due to the passing current would make the readings 
too high, or the heating effect must be corrected for. The more 
sen.sitive the galvanometer or voltmeter, the smaller need the cur¬ 
rent be to give a good reading. 

(b) Lag. — For most work the platinum wire must be protected, 
usually by porcelain. This makes the wire slow to assume the tern- 
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perature and causes a lag. In general, with the same kind of in¬ 
sulation or protection, the thinner the wire, the less the lag, but of 
course a very fine wire is apt to fuse more easily. Diameters used 
are from o.i to 0.3 mm. (0,004 to o.oi inch). 

(c) Compensation for Resistance of Leads. — In order to prevent 
the formation of currents at the junction of the leads with the 
thermometer proper, these junctions must be placed in the cooler 
part of the circuit. It is usual to employ plalinum-lead wires of 
larger diameter for some ways bac k than the thermometer wire itself, 
but even in such a case the varying resistance of these lead wires 
is apt to cause an error, which is further complicated by the fact 
that varying degrees of immersion will also have an eilcct. Hence 
the use of compensators, one type of which is shown in the sketch, 
Fig. 156. 

Thermo-couple Pyrometers. — The action of eleitrii pyrometers 
employing thermo-couples depends u|)on the fact that if two strips 
of dissimilar metals are joined at both ends so as to form a closed 
circuit, and if one end is heated while the other is kc])t cool, an 
electric current is set up which may tlow in either direction, depend¬ 
ing upon the metals used, the strength of the current depending upon 
the kind of metals employed and upon the temperature difference 
between the two ends. We thus have given a direct method of 
measuring temperature, for, as in the case of the resistance thermom¬ 
eter, a scale lor the instrument indicating the current .strength may 
be constructed to read directly in terms of degrees by comparing 
with any standard temperature indicator. 

A \ariely of metals may be used in the construction of couples, 
but they are not capially good. The metals hhould possess a high 
melting-})oint and be of uniform composition, and jdatinum at 
once suggests itself. As a matter of fact, this is one of the metals 
used in the high-class high-resistance type of instrument, while for 
the companion metal an alloy of platinum with to per cent of 
rhodium is found to be best. Such couples are usually ciuite deli¬ 
cate and must be jTrotected by porcelain and iron tubes, as shown 
in Fig. 152. The rest of the industrial high-resistance electrical 
pyrometer consists merely of a delicate current indicator. Fig. 153, 
showing a complete Le Chatclicr outfit. The resistance of the 
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Fig. 152 


•Elfmfnt ot Lf Chatelilr’s 
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outside circuit in an instrument of this type is made purposely high 
in order to counteract the considerable increase in the resistance 

of the couple itself as it 
is being heated. Thus, 
for instance, the resist¬ 
ance of a platinum plat¬ 
inum rhodium couple, 
I meter long, the wires 
0.02 inch diameter, is 
about 2 ohms when cold, 
but will increase to 4 ohms at 1800° F. If the outside resistance 
is 200 ohms and the change in the resistance of the couple is 
neglected, the error made will be ugo - 1 per cect. This will be 

even less if the couple is not completel) immersed. _ 

Many industrial instruments, however, have outside 
resishmees of 400 ohms, so that in such a case 
neither the \ari- 
alion of k sisl- 
a IK e t « / h c 

iouph, \ar)ing 
depth oj immer- 
i inn, var} mg 
length oj outside 
leads, which are 
usually of much 
larger diameter 
than the couplc- 
wires, or a mod¬ 
erate ihangc in the temperaturi oj the told junetion can have 
any serious ciTect upon the correctness of the indications. 

On the other hand, because of the small size of couple- |tt 
wares used and on account of the high total resistance of 11 

the circuit, the current set up is very small and the indi¬ 
cating instrument must hence be rather delicate, and must be care 
fully set u}) and handled. 

For these reasons successful efforts have lately been made to 
construct so-called baie-metal couples which are used in the low 
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resistance type of electrical pyrometer. .SevTral different makes of 
such instruments are now on the market, and while they may per¬ 
haps not be as accurate as the high-resistance type, they are much 
hardier and cost quite a little less. The metals used in the couples 
are usually alloys of tungsten, iron, nickel and copper of composition 
depending ujx)n the temperatures to be read. The main point in 
the making of such alloys is to get them of uniform com}X)sition, 
otherwise so-called parasite currents will be set up in various parts 
of the circuit which may render the instrument useless. Since these 
metals are cheap as compared with platinum, the couples arc made 
of wire of considerable cross-section. This means that the current 
set up will be comparatively large ami that the change in resistance 
of the couple with change in tcm]»crature will be com])aratively 
small. Hence an ordinary low-resistance type of indicating instru¬ 
ment may be used, and the total resistance in such a circuit does not 
exceed about lo ohms in most of the industrial pyrometers. 

The Bristol ty])e of low-resistance pyrometer with portable instru¬ 
ment is shown in Fig. 154, while Fig. 155 shows the construction 



of the couples. The latter for jirotection are in most cases inserted 
into three-eighth or one-half-inch iron pii)e closed at one end. The 
leads marked in Fig. 154 are of the same metal as the couples, so 





Kio. 155 


that the cold junction is really at the points of connection with the 
indicating instrument. It is possible in most cases to keep the 
latter near the temperature at which the cold junction was main- 
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tained when the instrument was calibrated (usually 75® F.)* If this 
cannot be done, cither some correction must be made or compen¬ 
sators must be used, for a considerable variation in the temperature 
of the cold junction causes a much greater error in the low-resistance 
than in the high-resistance type of instrument. For very accurate 
work it is of course desirable to take steps to maintain the cold 
junction at calibration temperature, whatever that may have been, 
in either lyi)e of instrument. If this is not done and compensating 
devices are not used, it is sufDciently accurate for the low-resistance 
type to jjroct'ed as follows; 

If I' — temperature of cold Junction of the instrument in use, 
and t temperature of cold junction at standardization, then 
add I' — i to the reading of the instrument if <'>/, and subtract 
i — i' from the reading if / > I'. This correction, however, becomes 
of doubtful value if t' very much exceeds 100° F., if the standard¬ 
ization temperature was in the neighborhood of 75 degrees. 

Compensating devices automatically lake care of the change of 
resistance in the low-resistance type 
of instrument for change of tem¬ 
perature in the outside leads. The 
device used by the Bristol Co. is 
.shown in Fig. 156. It consists sim¬ 
ply of a glass bulb shaped as shown 
and partly filled with mercury. A 
jilalinum-wire loop in series with 
the outside circuit is fused into the 
sides of the tube and dips into the 
mercury. As the temperature in 
the outside circuit falls, the E.M.F. 
of the couple would increase on ac¬ 
count of the greater range of tem¬ 
perature between hot and cold junc¬ 
tion, At the same time, however, the 
mercury contracts, short-circuiting less of the platinum resistance 
in the compensator. This increases the resistance in the circuit and 
thus counteracts the effect of the greater E.M.F. If the temperature 
of the cold junction increases, the rei'ersc action takes place. 
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io6. Optical and Radiation Pjrrometers.* — The fiction of the 
optical pyrometer usually depends upon the comparison of the 
intensity of the light emitted from the body whose temperature is 
to be measured with the intensity of the light from a standard 
source. In order to get rid of difl'iculties due to color differences 
and because the laws connecting the temperature of the body with 
the intensity of the emitted hght are simpler, it is usual to deal with 
only a single wave-length (red is commonly retained). The Le 
Chatelier, the Wanner and the Fery absorption pyrometers are 
based on this principle, and the conslrmtion is usually such that it 
is merely necessary to adjust the instrument until tivo adjacent 
fields of vision, each illuminated by one of the sources of light, 
show the same intensity. From the relative displacement of cer¬ 
tain parts of the instrument necessary to produce this result, the 
temperature may be read directly or may be easily computed. 

The Morse thermo-gauge and the Holborn pyrometer, which are 
ver> similar in their construction, also belong to this class, although 
their operation is somewhat different. Tlie former instrument is 

shown in the conventional 
sketch. Fig. J57. It employs 
an incandescent lamp i\ith 
a rheostat arranged so that 
the current llowing through 
it and its consc(juent bright¬ 
ness may be regulated. I'he 
amount of current flowing 
through is shown by a milli- 
v’oltmeter connec ted in circuit, 
the reading of which can be 
referred to a scale for the determination of temperature. The lamp 
is adjusted from an exi>erimental scale for its degree of brightness 
at different ages. 

In using this instrument the incandescent lamp is located between 
the eye and the object whose temperature is to be measured, and 
the current is regulated until the lamp filament becomes invisible. 

* For detailed inforrridtion totwerning optical and radiation pyrometers see 
le Chatelier’s and Boudouard’s “High Temperature MeasuremenU.” 



Fig 157. --The MoR.sr Thermo Gaugf 
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This instrument is designed for use in tempering furnaces and has 
an extensive use in that industry. 

Still another type of optical pyrometer is the MesurS and Nouel 
pyromelric lelescope, Fig. 158, by which the temperature is deter¬ 
mined by the direct observation of the light emitted from the hot body. 



This instrument measures the temperature by taking advantage of 
the rotation of the plane of polarization of light passing through a 
([uartz })late cut per])endicular to its axis. The angle of rotation 
is directly ])roportional to the thickness of the quartz, and approx¬ 
imately inversely proportional to the s([uarc of the wave-length. 

Light from an incandescent object, ])assing through the slightly 
ground ditTusing-glass C enters a }H)larizing nicol P, and, traversing 
the (juartz plate <2, strike's the analyzer A, and is seen through the 
eye-piece OL. 

In the use of the instrument the analyzer is turned until the object 
ap{>ears to have a lemon-yellow color. The position of the analyzer 
is indicated by the graduated circle C, the reading of which may be 
referred to a temi)erature scale. On account of the fact that the 
change of color from red through lemon yellow to green, or vice versa, 
which is seen when the analyzer is turned, is not sharply defined, 
differi'nt observers are apt to obtain different results with this 
instrument and the error may amount to 100° C. For that reason, 
although the instrument is easy to handle, it should not be depended 
upon for close results. 

In radiation pyrometers the energy of total radiation, that of the 
long invisible rays as well as that of the shorter luminous rays, is 
measured by the heat effect it produces. The latter may be deter¬ 
mined either by thermo-couples, by the expansion of a compound 
metal strip or by a very delicate resistance thermometer. The 
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Fery radiaium pyrometer, which uses a thermo-couple, may serve 
as an example of this ty])e, and the following description is taken 
from the catalogue of the manufacturing company; 

“ The heat rays given out by a hot body fall on a concave mirror 
in the pyrometer telescope and are brought to a focus. At this 
focus is the hot junction of a thermo-couple, and this junction is 
heated by the focussed heat rays, the hotter the body the hotter 
the junction. 

Referring to Fig. 159, a section of the pyrometer telescope is 
shown on the right. The mirror M receives the heat rays and 



Fig. 159. — Flk'v Raimaiion Pyeometek 

brings them to a focus at F. Here is the hot junction of a little 
thermo-couple. The cold junction is quite near the hot junc¬ 
tion, but is screened from the focussed heat rays. Tims the two 
junctions are equally affected by changes in air temperature, and 
the difference in temperature which causes a current to flow will 
be due to the temperature of the hot body. 

The instrument is designed so that within wdde limits it is inde¬ 
pendent of the size of the hot body, or the distance at which it is 
used. 

To guide the pointing of the telescope an eye-piece E is provided 
at the rear end of the telescope through which a reflected image of 
the hot body can be seen. In the center of the field of view, as 
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seen in the eye-piece, the hot junction of the thermo-couple is 
seen as a black s])ot, and this has to be overla{)ped all around by 
the image of the hot body. I'lie telescope may be taken as much 
nearer as is desired without altering the temperature-reading. 
As the telescope gets nearer to the hot body the mirror M receives 
more heat, but at the same time this greater amount of heat is spread 
over a larger image, and the intensity of heat remains the same. 
Thus the only elTect of going nearer to the hot body is to increase 
the amount of overlapping of the image beyond the black spot. 
The distance can be as much as thirty times the diameter of hot 
body. 

The telescope is focussed by turning the milled head II at the 
side, and this is very simple. 

The indicating outfit is provided with an indicator, which is 
joined to the telescope by a ftexible cable. This indicator meas¬ 
ures the current generated by the thermo-couple in the telescope, 
but instead of reading in current it i» made to read direct in tem¬ 
perature of the hot body. 

For use when the temperature reading reaches the top of the 
scale, a second scale for higher temperatures is })rovided, and to 
use this the diaphragm D is swung over the mouth of the telescope. 

The stock instrument has two scales, one from 1000'^ to 2400° F. 
and the second from 1800° to 3600° F.” 

107, Calibration of Thermometers and Pyrometers. —The ulti¬ 
mate standard of comparison in the standardization of thermom¬ 
eters and ]iyrometers is some form of gas thermometer. On account 
of the fact, however, that such a standard is not easy to handle, 
.secondary standards such as thermometers or pyrometers, which 
have been com[)ared with the primary standard gas thermometer, 
are ordinarily used. 

The comparison may be made by placing the instrument to be 
calibrated in a medium which can be slowly heated or cooled, as 
the case may be, together with the standard. This is probably the 
usual method for instruments reading to less than 500 or 600° F., as 
ordinary mercury thermometers. For the latter it is usual also 
to determine the freezing- and boiling-points of water by methods 
described below. For high-reading instruments, however, stand- 
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ardizing laboratories, like the Bureau of Standards at Washington, 
use a high-temperaturc scale rej)roduccd in terras of certain fixed 
freezing- and boiling-points of various chemical elements. This 
temperature scale is not absolutely fixed in the upper ranges, 
awaiting the results of further investigations, but the provisional 
scale now used by the Bureau * is as shown in the following table. 
The scale above 1200° C. is based on the laws of black-body radia¬ 
tion. 




° F. 

Tin. 



440.5 

Zinc. 

.. .. freezing. 

4 iCj 

786 

Sulphur. 

. .. Ijoiling. 

44 i 7 

83'.5 

Antimony, .. . 

, . .freezing. . . . 

<>30-5 

1167 

Gold. 

. . . .melting- 

1064 

i <)47 

Copjier. 

. . . freezing . . 

10S4 

10S3 

Nickel... 


M 3 S 

2615 

Palladium. 

.... melting... 

>546 

2815 

Platinum. 


1753 

' 3187 


Tin, zinc, lead, antimony and copj)er must be protected from 
oxidation, which can be done by melting in gra})hitc crucibles and 
protecting the surface by powdered grajfiiitc. The ywesence of 
oxides appears to depress the freezing-point'-. The freezing-points 
of lead (327° C.) and of aluminum ((^>58° for oq.7 per cent 
purity) as well as the boiling-j)oint of naphthalene (218° ('.) are also 
often used in standardizing iiyronielers. 

Calibration oj Mercury Thermometers. 

I. To Test for Boiling-yjoint. - Sus]>end the thermometer so 
that it will be entirely surrounded up to or beyond the reading point 
in the vapor of boiling water at atmospheric pressure but will not 
be in contact with the water. Note the reading. From the barom¬ 
eter-reading calculate the boiling-point for the same time, d'he 
difference will be the error in position of the boiling-i)oint. 

The engraving (Fig. 160j shows an instrument for determining 
the boiling-point. The bulb of the thermometer is exposed to 
steam at atmospheric pressure, which passes up to the top of the 
instrument around the tube, and down on the outside, discharging 

♦ Bureau Circular No. 7, Oct. i, igo8, Bureau of Standards. 











MEASUREMENT OF TEMI’ERATURE 


221 


into the air, or it may be returned directly to the cup, thus obviating 
the need of supplying water. In the form shown, the parts tele¬ 
scope into each other for convenience in carry¬ 
ing, which is entirely unnecessary for laboratory 
uses. 

2. To Test for Freezing-point. — Surround 
the thermometer to the reading point by a 
mixture of water and ice, or water and snow; 
drain off most of the water. The difference 
between the reading obtained and the zero as 
marked on the thermometer (32° for Fahr. scale) 
is the error in location of freezing-point. 

3. For any other temperatures place the ther¬ 
mometer in a liquid bath, such as high-flash¬ 
point oil from which all traces of water have 
been previously removed by heating it, along 
with a standard which may be a standardized 
mercury thermometer, resistance thermometer or 
thermo-couple. Obtain simultaneous readings 
while heating or cooling slowly. Great care 
mu.st be taken to thoroughly .stir the bath in 
order to make the temperature uniform through¬ 
out. 

4. Film or Stem Correction. —The scale on 

most mercury thermometers is constructed by 
first locating the freezing- and boiling-points of 
water under standard atmospheric conditions, 
and in locating these tioiuts both bulb and stem — Bon.i.vr. 

. , , . . T POINT APPAR.ITX'S. 

are immersed up to the respective jioints. In 
practice, therefore, a thermometer stem should be immersed in 
the medium whose temperature is being read up to the point 
where the mercury column in the stem ends. In many cases, 
however, this is not jicssible, especially in case thermometer 
wells or cups are used. In such cases it is ahvays advisable to 
compute a stem correction because, since the projecting mercury 
film is at a different temperature than the mercury in the rest of 
the bulb and stem, the thermometer will be in error by a certain 
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amount. In many cases such a correction is negligible, but in 
others it is not, and it is in any important case not safe to dej)end 
upon guess work. The correction may be computed from the 
following equation; 

Stem correction == ,oooi6 -- 1 ) for C scale. 

Stem correction =- .000088 n { F - t) for F scale. 

Where n number of degrees projecting, 

T — temperature of bulb, 
t =-= mean temj)erature of emergent stem. 

t is usually found by hanging a small auxiliary thermometer about 
halfway up the emergent stem; 1 \ however, is unknown, and it is 
usual to substitute for T the tem])erature as read from the ther¬ 
mometer, The error thus made is small. It is possi1)le to take 
care of the stem correction automatically when the thermometer 
is >ubsequently calibrated ])y immersing it in the bath to the dei)lh 
to which it was used on the test, while the standard is handled in 
the proper \vay. This method, however, assumes that the air 
temperature surrounding the stem the same during calibration as 
during use. 

Calibration of Pyromrfers. —The general method has already 
been outlined above. I’hc })rac’tice of the Bureau of Standards is 
given in the following extracts from the Bulletin already cited: 

Thermo couples^ Calibration and Praantions in Use. 

(a) Homogeneity. — For work of precision it is important that each wire of a 
thermo-couple be of exactly the same cheraical composition and physical projx^r- 
ties throughout, otlierwise the indications of tlie thermo-couple will vary with the 
depth of irnniersion in the heated (or cooled) region. When requested, a special 
test of the homogeneity of the wires will he made, the nssult^ being expressed in 
terms of the electro-motive lorc(‘s generated when successive short lengths of the 
wire are expose<l to a constant high lempcTatuie. 

(b) Annealing. — Before calibration and use all high-tem{X*ratiire thermo¬ 
couples should be anneal(‘d by healing them throughout their length, preferably 
by means of an electric current, to a tem|x*rature higher than any to which they 
may subsequently be ex}X)S('d. This eliminates the electro-motive forces developed 
between the hard and soft portions of the wires. When platinum couples have 
been contaminated by long-continued use they may often be restored to their origi¬ 
nal condition by annealing (for an hour or more) at high temperatures (1500® 
or 1600*^ C.). 
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(c) Precautions in Use — The wires of the couple should be fused together at 
the hot junction, not tied or twisted, as such connections are liable to develop high 
resistance or to interrupt the circuit when the wires become oxidized. In general 
the wires of the thermopylc should be protected from the action of hot furnace 
gases, silicon, metallic vapors, etc. I'he cold junctions should Ixi so plated that 
their fluctuations of tcmf)cratiirc are negligible. The ( iectrical resistance of the 
pyrometer galvanometer should l>e so high that the errors resulting from the resist* 
ance of the leads and the variation of the resistance of the couple with temperature 
and depjth of immt^rsion may be neglected. In work of the highest precision at high 
temperatures (above iioo® C.), contamination of the couples due to the evapora¬ 
tion of rhodium and espKxially of iridium must be carefully avoided. 

A great many of the rejx^rted failures of thermo-couples to fultil the practical 
requirements of technical aj)plications have been traced to neglect of one or the 
other of these p)recautions. Re-tests made b) this Bureau of p)latinum platinum- 
rhodium couy)ics that have been subjected to long and severe usage in the indus¬ 
tries have shown that, after annealing the couples, the new calibrations are in 
practical agreement with the old. 

(J) Calibration. — Thermo-couy>les are usually calibrated at the Bureau of 
Standards, after a liiorough annealing, by compiirisv)n at four or more temjxxa- 
tures with two standard ioii])les, (he roup)les being immers<‘d for about 2^ cm of 
their length in an electric furnace, and the cold junctions Ua'ng kept at o‘ C. 

When a couple is to be usc'd with its cold junction at some tem|H.Taiure other 
than o°C., the necessary correction will be indicated in the ccrtifKiitc For the 
usual forms of thenno-coujdes made of jjiatinum and its allovs, this correction is 
approximately 4 } /, where / is the Centigrade temperature of the cold junction, 
and in general this correction lies Ix'tween -i I / and e / for jjractiailly all tyj)es 
of thermo-couples. 

(c) f/cc of a Fyromcitr (iaivanonuter of Low Rtsislame. — In many industrial 
forms of thcrnio-elcclric pyrometer, the elertrical resistance of the thermo-couy)le 
wires and accompianying leads is not negligible in com})arison with the resi. 4 ance 
of the indic^ating instrumiait. When this is the case the galvanometer doc's not in 
general indicate tlie true K.M 1 '. of the thermo-couple. If is the resistante of 
the ihenno-couple wares and aitachctl leads, that of the galvanometer, and E 
the true E M F. of the thermo-couple*, then the Jv.M.F. ^ E,, as indicated bv the 

R 

pyrometer galvanometer, wall be E j -ry. Ri will thus dejxnd also uyxin 

R\ 1 Ri 

the increase in clue to the increase* in the resistancT of the heated wires and will 
therefore, vaty* with the depth of immersion of the thermo-couple in the heated 


space. 

Elecirkal-resistancr Thermometers 

Calibration, We may define tempieratiire on the scale of the jilatinum resist¬ 
ance thermometer as given by 

R — Ro /-k 

pt - 100 - — ~ir> w 

/vrno Ro 



224 


EXPERIMENTAL ENGINEERING 


where R is the measured resistance at some unknown temj?erature i, and Rioo, 
Rof are the resistances at ioo“ C, and o° C*, respectively. The relation between the 
platinum temperature pt and the Centigrade temperature i from — loo® C. to 
1100^ C. is very exactly given by Callcndar’s equation 

t-(b) 

\ lOO / lOO ^ ' 

where ^ is characteristic of the kind of metal. For pure platinum S «« 1.50, and 
it is larger for impure platinum. 

The calibration of a platinum re.sistancc thermometer, which is to be used in the 
range 100° C. to iioo"^ C., usually consists in measuring its resistance in melting 
ice (o^ C.), in steam (100° C,), and at one other temptTaturc, usually that of the 
vapor of boiling sulphur (444 f (^), and computing other temperatures by means 
of formulfle (a) and (b). The values of A^,, the fundamental inten^al (Ajoc, - R(f)i 
and of ^ will be given in the certificate fuiTiishecl by the Bureau. The work of 
many investigators has shown that a platinum resistance thermometer calibrated 
at these temperatures may be used to reproduce gas-scale temiH?ratures throughout 
the range --100° C. to 1100® C with a degree of accuracy equal to that at present 
attainable in gas themiomctiy. For example, when such a calibration is extra¬ 
polated to the melting-point of gold, it gives a value (T062® C\) which difiers from 
the true value by an amount which is no greater than the present uncertainty 
(5^) in our knowledge of this temperature. 

If a resistance thermometer is to be used at ver}’' low temperatures, the boiling- 
point of liquid oxygen (- 182,5^ C.) may be used to advantage as the third cali¬ 
bration temperature, .since the value of ^ found from the sulphur boiling“|)oint cali¬ 
bration does not hold exactly at these very low tern f>era lures. 

Resistance thermometers which are to Ix^ used in calorimetric work for measure¬ 
ment of small temperature changes with high precision will be calibrated at o®, 
xoo^ and 32.384*^, the transition temperature of sodium sulphate. 

When the construaion of a platinum resistance thermometer docs not permit of 
calibration by the al)ovc method of using three fixed tcmi-xratures, the instrument 
will be compared directly with the standards of the Bureau at several temperatures 
In an electric furnace. This method is not in general capable of so high pre 
cision as the previously descrilxd one. This is the procedure followed when a 
resistance thermometer and its direct-reading temjxrature indicator are sub¬ 
mitted for test as a single Instrument, 

Calibration of Optical and Radiation Pyrometers. — The radiation emitted by 
substances depends on the nature of the substance and condition of its surface as 
well as upon the temperature. The only body whose radiation depends only on its 
temperature is the %lack hody^^^ which is approximately realised by a uniformly 
heated enclosure. 

If an optical pyrometer has been calibrated in terms of the radiation from a 
black body, it will not, therefore, in general give the true temperature of the 
ircandescent body under observation, but nevertheless it will define a consistent 
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temi^emture scale for any one substance, which in very many cases is all that is 
necessary in the control of an industrial operation. Where the equivalent black* 
body temperature is not sufficient, true temperatures may be found by applying 
a suitable correction, the magnitude of which will depend on the emissive power of 
the body and on its temperature, or by taking the measurements in such a way that 
the radiation is very approximately black-body radiation. For example, if the 
problem at hand is the measurement of the temperature of a furnace or hardening 
bath, then by inserting a closed-end lube, of suitable material, such as magnesia, 
porcelain, or tungsten steel, of sufficient length so that the end and some distance 
along the tube is at the temperature of the furnace or bath, the radiation coming out 
of this tube is a close approximation to black-body radiation, and the optical 
pyrometer will then give true temperatures. Again, within many furnaces the 
conditions approximate fairly close to black-body conditions and the temijeratures 
found by the use of an optical or radiation p}Tometer will then differ hut little from 
the true temperature. The readings of optical pyrometers and, to a much greater 
degree, of radiation pyrometers will be influenced by the presence of flames, 
vapors, and furnace gases. 

The temjierature scale defined by the several radiation laws is in agreement 
with the gas scale throughout the widest range of measurable temj^eratures, and 
when these laws arc €xtraj>olated to the highest attainable temperatures they are 
still in satisfactory agreement. 

An optical pyrometer may be calibrated by sighting either upon a black body or 
ufK)n another body whose emissive properties are known. It is, however, neces¬ 
sary to determine the calibration temperatures by some auxiliary means, as a 
thermo couple; or carrying out the calibration at certain known temperatures, such 
as the fusing point of gold, palladium, and platinum; or, what is usually the more 
convenient in the case of industrial instruments, comparing the indications of the 
p)Tometer to be tested with tlmt of a standard instrument, both being sighted upon 
the same source, which may be a dear furnace, or, in the case of the two instru¬ 
ments using the same colored light, a graphite or metal strip mounted in vacuo 
and heated electrically. This use of an electrically heated strip permits of a very 
rapid ailibration of suffident accuracy for industrial and many scientific purposes. 
With a graphite strip such a calibration may l>c made up to 1900® to 2000® C. 
With a strip of tungsten such a ailibration might be earned several hundred degrees 
higher. 

The calibration formula for these optical pyrometers which are of the pho¬ 
tometer tyi’ie, and in which light of a single color is used, is very simple. The 
inten.sity f of a monochromatic light source, approximating a black body, varies 
with its absolute temperature 2’ ( I + C.), as follows* 

log / a ^ 

where a and h are constants. Such a pyrometer may, therefore, be calibrated 
completely by finding its readings at two teraj)eratures only, if its construction is 
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otherwise mechanically correct. Often with such pyrometers the monochromatic 
light is obtained by means of colored glasses which are but approximately mono¬ 
chromatic. In this case the calibration should be carried out at several temjxjra- 
tures, the numl)cr de{^>cnding on the glass used and the accuracy sought. 

The relation between the current C through the filament of the lamp of the 
Morse or Holbom-Kurlbaiim type of pyrometer and the temperature t of an 
approximately black-body source is 

C ^ t7 4 /m (i\ (a) 

where a, b and c are constants, so that measurements at three temperatures, at 
least, are necessary to calibrate such pyrometers. The pyrometer lamps should be 
aged before calibration for some twenty hours at a tem|>crature of about 1800® C. 

In order to ^tend the range of any optical ]>yrometer aliove 1500^ C. absorp¬ 
tion glasses, mirrors, diaphragms, or rotating sectors may be used. It is then 
necessar}' to determine the absorfition coefficient for the screen used, by the 
measurement of one or more known tenijieratures with and without the screen 
mterpf)s<*d. 

The indications of total radiation pyrometers, .>uch ns the Fcry thermo-electric 
telescope, obey apj)roximateIy the law 

E - k (r^ no, fh) 

where E is the energy received by the instrumt‘rit at a tcmp<Tature 7'o from a 
black-body source w'hose temjierature is 7 ’, and k is a constant. For the 
measurement of high temfxTatures, T,/ uiay usually be neglected in comparison 
with The indii''trial forms of these instruments usually give readings de¬ 
parting somewhat from equation (b), so that it is necessary to calibrate them 
empirically at several jxiints over the range fpr, which th(‘y are intenried to be 
used. A relatively large area is u.sually required upon which to sight these j)yrom- 
cters These instruments may be used with recording galvanometers and thus 
give a permanent record of temperatures. 





CHAPTER VIII. 

THE MEASUREMENT OF SPEED. 

Under this head is to be understood the determination of strokes 
or revolutions of any mechanism per unit of time, and not the 
measurement of the speed of moving masses in general. In prac¬ 
tically all pump and engine tests such speed determinations are 
necessary, for determining either delivered capacity, variation with 
loatl, or ])Ower. 

I'he number of strokes of a moving mechanism can be counted 
(juite accurately without an instrument if the speed is not too great. 
'I'liis is best done by holding a stick in the hand in such a [josition 
that it is struck periodically by some moving part, such as the 
cross-head of an engine. 

The instruments in use for speed determinations fall approxi¬ 
mately into three classes: 

1. Counting devices. 

2. Indicating devices, or Tachometers. 

3. Clmonograplis. 

108. Counting Devices. - These are all arranged so that a i)art 
of the instrument is moved by direct attachment to the moving 
machine and they record continuously from the time of attachment 
until the connection is again severed. For this reason they must 
always be used in conjunction with a clock or watch if the record is 
to be reduced to strokes or rexolutions per unit of time. 

1. Hand Speed-counter. —One form of this device is shown 
in Fig. I()i. It consists of a counter operated by holding the pointed 
end of the instrument against the end of the rotating shaft which 
should have a so-called “ center.” In using the instrument, the 
time is nolt'd by a watch at the instant the counting gears are 
put in operation or are stopped. A stop-watch is very convenient 
for obtaining the time. The errors to be corrected are principally 
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those due to slipping of the point on the shaft, and to the slip of the 
gears in the counting device in putting in and out of oi)eration. 
The best counters have a slop device to prevent this latter error, 
and the gears are engaged or disengaged with the point in contact 



Fig. i6i — Doubll indlp Hand Sbj ri) ( owntgr 


with the shaft. To prevent slip])ing of the point, the end of the 
instrument is sometimes threaded suid screwed into a hole in the 
end of the shaft. 

2. Continuous Speed-counter. - The continuous lounler con¬ 
sists of a series of gears arranged to work a set of dials v\hich show 
the number of revolutions. I'he arrangement o) gearing in such 



Fig. 162. — Stroke Cootter 


an instrument is shown in Fig. 162. The instrument ran usually 
be made to register by cither rotary or recij)rocating motion, and 
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can be had in a square or round case. The reading of llie counter 
is taken at stated intervals and the rate of rotation calculated. 

109. Speed Indicators: Tachometers. —All these instruments in¬ 
dicate directly the speed at which the machine to which they are 
attached is operating. They are thus independent of a time determi¬ 
nation and are often more convenient for certain purposes. 

I. Ccntrifuf'al Tac/iowcteri.These instruments utilize the 
centrifugal force in throwing outward either weights or a liquid. 
The motion so caused moves a needle or column of liquid a distance 
proportional to the speed, so that the number of revolutions is 
read directly from the position of the needle or other indicator. 



Fig 163 —SoHAEFFFR AND BxjDFNBnRG Hand Tachomfter. 


One form of the instrument is shown in Fig. 163. It is arranged 
with a p()intcd end to hold against the shaft whose speed is to 


be determined. A belt driven 
type is shown in Fig. rOq. 
The movement of the needle 
over the dial is caused by 
weights moving under the 
action of centrifugal force. 
These instruments are all 
subject to wear and should 
always be checked or cali¬ 
brated for accurate work. 

Brown’s S peed Indicator 
consists of a U-shaped tube 
joined to a straight tube at 



the center of the bend. The revolution of the U-tube around the 


center tube induces a centrifugal force which elevates mercury in 
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the revolving arms and depresses it in the center tube. A calibrated 
scale gives the number of revolutions corresponding to a given 
depression. 

The Veeder Tachometer, Fig. 165, another liquid tachometer, 
consists essentially of a small centrifugal i)umi) discharging into a 

vertical lube. The pump 
is driven from the machine 
under lest and raises the 
liquid in the lube to an 
extent ])roportional to the 
speed of rotation. The 
speed is read on a pro])erly 
graduated scale attached to 
the tube. 

A uiogro phic Tarhoni- 

cten,. — X^ariations in speed 
arc shown autogra])hica]ly 
in several insliununts b> 
recording on a strip of 
paper moved b\ clock-work 
the variation in centrifugal 
force of revolving weights. 
In the Moscro}; speed re¬ 
corder, shown in Fig. ihO, 
the shaft H is conneeted 
with the shaft whose speed 
is to be' measured. I'he 
variation in the height of 
the balls near B, caused by 
v'ariation in sfieed, gives 
the arm C a ree iprocating 
motion, so that an at¬ 
tached pencil makes a 
diagram, FPID, on the strip 
of pajeer moved by clock¬ 
work. The ordinates of this diagram are proportional to the 
speed. 
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2. Frahm's Resonance 
Tachometer* — This instru¬ 
ment now made in a great 
number of forms depends 
upon the principle of reson¬ 
ance, that is, the property 
of a body to vibrate in unison 
with another which has a like 
l)criod. It consists of a num¬ 
ber of steel reeds of different 
lengths and differently loaded, 
so that each one of the series 
has a unique period, mounted 
in the orderof theiriK-riodicity, 

Fig. 167. The variation of 
period, or of number of vibra¬ 
tions ])er minute between ad¬ 
jacent reeds, is fixed to suit 
the purjKise for which the 
instrument is intended. 

In use it may rest directly 
upon the frame of a moving 
mechanism, it may be con¬ 
nected by belt or mechanical 

linkage or it may be connected 
electrically ' Mosckop SpFKD-m=roRr»Ef:. 

When resting directly on the frame of an engine the impulses due 




Fig. 167.— Reeds of Frahm’s Resonance Tachometer. 
See 2 Seitsrhrift des Vereins Deutscher Ing. Oct. 15, 1904, 
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to slight under- or over-balancing are sufficient to set the proper 
reed in motion. 

When belted the shaft of the tachometer carries either a small 
magnetic or a mechanical device for imparting vibrations to the 
proper reed. 

When connected electrically the reeds are set in vibration b} the 
variation of a magnetic field set up by an alternating current, the 
alternating current being obtained from a generator driven by or 
connected to the mechanism of which the speed is to be measured. 

no. The Chronograph. —The chronograph,* Fig. i68, consists 
of a drum revolved by clock-wrork so as to make a definite number 



of revolutions per minute. A carriage ha\ing one or two pens, 
h, g, as may be required, is moved parallel to the axis of the cylinder 
by a screw which is connected with the chronograph-drum A by 
gearing. 

The pen in its normal condition is in contact with the paper, 
and it is so connected to an electro-magnet that it is moved axially 
on the paper whenever the circuit is broken. The circuit may be 
broken automatically by the motion of a clock, or by hand with a 
special key, or by any moving mechanism. Two pens are usually 

♦ See Thurston’s Engine and Boiler Trials, page 226, 
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employed, one of which registers automatically the beats of a stand¬ 
ard clock; the other may be arranged to note each revolution or 
fraction of a revolution of a revolving shaft. The distance between 
the marks made by the clock gives the distance corresponding to 
one second of time; the distance between the marks made by break¬ 
ing the circuit at other intervals represents the required time which 
is to be measured on the same scale. 

This instrument has been in use by astronomers for a long time 
for minute measurements of time, and by its use intervals as short 
as one one-hundredth (.01) part of a second can be measured accu¬ 
rately. 

Tuning-fork Chronograph. —A tuning-fork emitting a musical 
note makes a constant and known number of vibrations. The 
number of vibrations of the fork corresponding to the musical tones 
are as follows; 

Note.C D E F G A B 

Vibrations per second.. 128 144 160 170] 192 213J 240 256 

If now a small point or stylus be attached to one of the arms of a 
tuning-fork, as shown in Fig. 169, —in 
which F is one of the arras of the tuning- 
fork, and CARD a piece of elastic metal to 
wliich the stylus, AP, is attached —and 
if the fork be j)ut in vibration and the 
stylus permitted to come in contact with 
any surface that can be marked, as a 
smoked and varnished cj linder moved at a 
uniform rate, the vibrations of the tuning- Fig. ittg . — Stylus toi! 
fork will be recorded on the cylinder by a Tuning-fork. 
scries of wavy lines, as shown in Fig. 170; the distance between 




Fig. 170. — Speed-record prom Chronograph. 


the waves corresponding to known increments of time. If each 
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revolution or portion of a revolution of the shaft whose speed is 
required be marked on the cylinder, the distance between such 
marks, measured to the same scale as the wavy lines made by 
the tuning-fork, would represent the time of revolution. 

Fig. 17 r (from Thurston’s Engine and Boiler Trials) represents 
the Ranson chronograph; in this case the tuning-fork is moved 



Fig. 171. — Tuning-iork Curonograi'h 


axially by a carriage operated by gears, and is kept in vibration 
by an electro-magnet; the operation of the instrument is the 
same as already described. The form of the record being shown 
in Fig. 170; the wavy marks being those made by the tuning-forks, 
those at right angles being made at the end of a revolution of the 
shaft whose speed is required. 

The tuning-fork with stylus attached,* as in Fig. 169, can be 
made to draw a diagram on a revolving cylinder connected directly 
to the main shaft of the engine, or the shaft itself may be smoked 
and afterward varnished. If the fork be moved axially at a per¬ 
fectly uniform rate, the development of the lines drawn will be for 
uniform motion, straight and of uniform pitch; but for variations 
in speed these lines will be curved and at a varying distance apart. 
From such a diagram the variation in speed during a single revolu¬ 
tion can be determined. 


* See Engine and Boiler Trials, page 234. 
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III. Measurement of Speed Variation within a Revolution. —It 

is sometimes necessary to measure the variation of engine speed 
within a revolution. The most convenient method is to use some 
constant-speed mechanism running at much higher .speed than the 
engine, allowing it to scratch the face of the engine flywheel at 
etjual intervals of time. A tuning-fork has often been used, but is 
somewhat difficult to handle under these conditions unless arranged 
so that it is kept in vibration electrically. 

In commercial j)ractice an electric motor fitted with a heavy fly¬ 
wheel and driven from a constant-voltage supply, such as a storage 
battery, has proven satisfactory. It runs at a much higher sj>ced 
than the engine under le.st and is arranged to scratch the face of 
the engine flywheel every time its own flywheel makes one com¬ 
plete revolution. I’he constancy of angular speed of the engine 
may then be obtained by measuring the distance between successive 
marks on the face of its flywheel. 



CHAPTER IX. 


FRICTION—TESTING OF LUBRICANTS. 


II2. Friction.— This subject is of great importance to engineers, 
since in some instances friction causes loss of useful work, and in 
other instances it is utilized in transmission of power. The sub¬ 
ject is intimately connected with that of measurement of power by 
dynamometers, treated in Chapter X. In connection with these two 
chapters, the student is advised to read Friction and Lost Work 
in Machinery and Mill-work, by R. H. Thurston. 

Definitions. — Friction, denoted by F, is the resistance to motion 
offered by the surfaces of bodies in contact in a direction parallel to 
those surfaces. 

The normal force, denoted by N, is the force acting perpendicular 
to the surfaces, tending to press them together. 

The coefiicient of friction, f, is the ratio of the friction, F, to the 
normal force, N; that is, / F — N. 

The total pressure, R, is the resultant of the normal pressure, TV, 
and of the friction, F, and its obliquity or inclination to the common 
perpendicular of the surfaces is the angle of friction, whose tangent 
is the coefiicient of friction. 

The angle of repose, <p, is the inclination at which a bod) would 
start if resting on an inclined jilane. It is easy to show * that for 
that condition, if W is the weight of the body, 

Tf cos - iV; also, W sin <p = F; 


and since f = F -cr N, 


f 


W sin <! > 
W cos 4 > 


tan <f). 


See Table i, Appendix, for values of / and 


• See Mechanics, by I. P. Chun h; p. 164. 
336 
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It has been shown by experiment that for sliding friction (i) the 
coefficient / is independent of N ; (2) it is greater at the instant of 
starting than after it is in motion; (3) it is independent of the area 
of rubbing surfaces; (4) it is diminished by lubrication; (5) it is inde¬ 
pendent of velocity. 

113. Classification. — The subject of friction is naturally divided 
into the following sub-heads, all of which are intimately connected 
with methods of lubrication: 

A. Friction of rest, occurring when a body is about to start. It is 
the resistance to change of position. 

B. Friction of motion, occurring while two bodies are in relative 
motion, and being less than the friction of rest. 

The second kind, or friction of motion, is of principal importance, 
and consists of — 

1. Sliding friction, occurring usually in one of the following forms: 

a. Bodies sliding on a surface. 

h. Axles or journals revolving in boxes. 

c. Pivots turning on steps. 

2. Rolling friction. 

a. One body rolling over a plane. 

b. One body rolling on another not plane. 


114. Formulae and Notation. 

« angle o( inclination of plane; 

</'> angle of friction; 

0 -- arc of contact on journal, 

1) ^ inclination of force with plane; 
N normal force on a plane; 

/ coefficient of friction; 
r «= radius of journal; 


I - length of journal, 
n - revolutions per minute. 

F = velocity of rubbing in ft. per min, 
p -* intensity of pressure per sq. in. 

P = total pressure; 

IF “ weight of the body. 


The most important formulae relating to friction can be tabulated 
as follows: 
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TABLE OF USEFUL FORMUL/E FOR UNIFORM MOTION. 


C § i 

P'orce of friction. 

F 

/N — N tan a ^ N tan <}>. 

0(1, 

CfX’fTicient of friction .., .. 

/ 

Tan a tan 0 -r N. 

, 

Square of reaction of Ixaring. 


\\n ]p-2 ( j 1^3 

i WJ C8 

g c: c 

Weight on journal (squared). 


VC 

u £ 0 

Moment of friction . 

M 

Fr ^ f IVr -- V i -f*/^ 


Work of fric lion |h.t minute. 

V 

\P'V — 2 Trnr TTsin 46-^ 2 nnrfW-i-V i f 






Weight on journal (general).. 

w 

J ^ plr cos ddO. 

CtJ 

q 

Intensity of prc'ssure at 

f 

p ■ COS^?. 

/•irr 

q 

0 

Weight, perfect fit of journal. 

w 

p'lr I COS* OdO ^ 1, t; 7 /> 7 r. 

J-Jir 

60 

B 

Pit‘ssurc per square inch. 

p 

0,04 ir c os Ir, 

£ 

Maximum pressure per sq. in. 

pm 

0.64 W Ir. 

>> 

Total pressure on Ixaring..., 


0.64 Hj ^co^OdO ~ 1.27 W. 


Total force of friction. 

P 

fP^u 2 yfM\ 

£ 

Moment of friction. , . . 

\T 

Pfr-^Fr— i.?7/liV. 


Work of friction per minute 

r 

PV - i. 27 /irK— 2.5-17r/«rtl\ 


115. Friction of Pivots. —Intensity of pressure ^ />; total i)rcs- 
sure — P. Moment of friction, M ~lfPr. Work of friction, 
U — t ‘!tnfPr. For a conical pivot, U — % TznfPr sin a. a - \ 
angle of cone. 

For Friction on a Flat Collar. —Moment of friction, U ---- 
t nnfP (r’ — r'"’)4-(p — /“); r radius of collar; / - radius of 
shaft on which it is fitted. 


116. Friction of Cords and Belts, Belt Drive. - - Supiiosc, referring 



to Fig. 172, that a belt passes 
around a pulley so that F, is 
the tension on the light side 
and the tension on the 
slack side, the tractive effort, 
P, of the belt is then 1 \ — T.^. 
The frictional resistance to 
slip is best determined by con¬ 
sidering an infinitesimal part 
ds of the entire arc of contact, 
5 . This small length of arc 
(is is that subtended by the 


angle dO in Fig. 172. This 
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T4 8T 


arc is reproduced in Fig. 173 for the sake of clearness. The resist¬ 
ance to slipping offered by any two surfaces in contact is the 
product of the normal pres¬ 
sure, p, on these surfaces 
multiplied by the coefficient 
of friction, /. That is, the 
frictional resistance offered 
is 

F pf. 

At one end of the arc 
db -= ds in Fig. 173, the 
tension is T, at the other 
end it may be considered 
ef[ual to r d (IT, although 
for our purpose dT may 
be neglected. The normal 
i:)ressure, p, is the resultant 

r , U3* 

of the tensions at the ends 

of this arc Ps - arc db. If ad and ab represent these two tensions 
the resultant, p, is represented by the line or. 



(JO I 

Now' the angle adc - angle — and f7c -- ac 

' 2 2 


also 


ae . oO 

■-sin —, 

ad 2 


, . ^ 

ae ^ ua sin— = f sin—, 
2 2 


from which 


. do 

P = 2 flc -= 2 r sin —^ • 



This for our purpose may be written 

p - TOO. (i) 

The normal force, p, with which the belt presses against the 
pulley is, how'ever, decreased by the centrifugal force acting on the 
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belt at the same time. The centrifugal force of the infinitesimal arc 
$s may be expressed by 


where q — the weight of belt one foot long, v = velocity of belt in 
feet per second, r = radius of pulley in feet, and g — 32.2. Now 
since ds = rSd, (2) may be written 

Centrifugal force = rdO - — (3) 

g r g 


The net normal force, p, is therefore 


p ^ no- 

= (r- 


g 

~V^ 

g 




^ 0 . 


Multiplying this by the coefficient of friction,/, we have the total 
frictional resistance 

F (4) 


On the assumption that any further increase in the tension T 
causes complete slipping, we must have 


from which 



( 5 ) 

( 6 ) 


Integrating (6) between the limits of and T^, we have 

fde log - - - (7) 

g 
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If the effect of centrifugal force had been neglected, equation (7) 
would have been 

fdO = log (8) 

* 2 

in which simpler form the theoretical result is most frequently 
stated. Equation (8) is safe for moderate speeds where the action of 
centrifugal force is much less felt. 

By putting the tractive force 

P 

and without entering into the details of the reduction, the following 
equations may be derived from equation (7); 



(q) 


(10) 


(II) 


where e — base of natural logarithms = 2.718, 

Again neglecting centrifugal force, equation (ii) might have been 
written 

p - r,(. - -y. (X 3 ) 

117, Friction of Fluids (i) is independent of pressure; (2) pro¬ 
portional to area of surface; (3) proportional to square of velocity for 
moderate and high speeds and to velocity for low speeds; (4) is 
independent of the nature of the surfaces; (5) is proportional to the 
density of the fluid, and is related to viscosity. 

Based upon the above laws, the resistance encountered in the case 
of fluid friction may in general be cxpres.sed by 
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in which 

/ ~ coefficient of fluid friction (abstract number). 

A = area of rubbing surface. 

V = velocity of motion of fluid over the surface. 

y = heaviness (density) of fluid. 

In this expression, — - head producing the velocity V, hence 
I'* 2 ^ 

A-jr — --weight of an ideal prism of height h on area A, and this 
2 A' 

therefore represents a force which if multiplied by/, the coefficient 
of friction, gives the frictional resistance. 

The work of friction per minute, 

u - sv =- fAr —, 

if V is expressed in feet per minute. 

Viscosity and density of fluids do not affect to any ajipreciable 
extent the retardation by friction or the rate of flow, but Itave some 
influence upon the total expenditures of energy. Molecular or 
internal friction also exists. 

ii8. Lubricated Surfaces. — Lubricated surfaces are no doubt 
to be considered a.s solid surf.aces, wholly or partially separated by 
a fluid, and the friction will vary, with difTerent conditions, from 
that of liijuid friction to that of sliding friction between solids. Dr. 
Thurston gives the following laws, aj-iplicable to perfect lubrica¬ 
tion only; 

1. The coefftcient of friction varies inversely as the intensity of the 
pressure, ami the resistance is independent of the pressure. 

2. The coefficient varies with the square of the speed. 

3. The resistance varies directly as the area of journal and 
bearing. 

4. The friction is reduced as temperature rises, and as the vis¬ 
cosity of the lubricant is thus decreased. 

Perfect lubrication does not usually exist, and consequently the 
laws governing the actual cases are likely to be very different from 
the above. The coefficient of friction in any practical case is likely 
to be made up of the sum of two components, solid and fluid friction. 
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Testing of Lubricants. 

119. Determinations required. —The following determinations 
are required in a complete test of lubricants; 

1. The detection of adulteration. 

2. The detection of acids. 

3. The detection of tendency to gum. 

4. The measurement of density. 

5. The determination of viscosity. 

6. The determination of chill point. 

7. The determination of flash point. 

8. The determination of burning point. 

f). The determination of volatility. 

10. The measure of the cocflTicient of friction. 

11. The determination of durability and heat-removing power. 

120, Adulteration of and Impurities in Oils. — Quantitative 
determinations of adulteration can be made only by chemical 
analysis, but there arc certain simple tests by which the engineer 
can sometimes detect adulteration. It should be stated, how¬ 
ever, that admixtures arc not in all cases to be considered as 
adulteration.* 

Mineral Oils. —The most common case of adulteration in these 
oils is found in the addition of animal and vegetable oils or mineral 
soaps to cylinder oils. The presence of animal or vegetable oils in 
cylinder oils is objectionable because when svibjected to the heat 
and moisture occurring in such service they tlecomjKvse, yielding fatty 
acids as one of the dccomjvosition [iroducts. Such acids sometimes 
attack the metal of evdinder and piston and are therefore undesirable. 
The presence of mineral soaps is objectionable only becau.se they 
give an erroneous impression of the value of the oil as a lubricant, 
increasing its viscosity without increasing its lubricating powers. 

Adulteration by animal or vegetable oils is detected by mixing 
with a sample of the oil to be tested an alcoholic solution of sodium 
hydroxide or potassium hydroxide and then gradually healing to 
about 200° F. The metal of the hydroxide saponifies the fatty acid 
of the adulterant and the soap formed separates out. 

* See Friction and Lost Work, by R. H. Thurston. 
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The presence of mineral soaps can only be detected by incinerating 
a sample of the oil and judging the purity from the quantity of 
ash. This should not exceed about o.i per cent with a pure 
mineral oil. 

Poorly refined mineral oil may contain sulphur compounds. 
Their presence may be detected by heating a sample of the oil to a 
temperature of about 300° F, for fifteen minutes, under which con¬ 
ditions the presence of sulphur is indicated by a considerable darken¬ 
ing of color. 

Animal and Vegetable Oi/s.—-Owing to the fact that mineral 
oils are generally cheaper than those of animal and vegetable origin 
the former are often used as adulterants for the latter. Their 
presence can be detected by the saponification method above out¬ 
lined. In some cases the admixture of mineral oil may be so great 
that it can be detected by the bloom or sheen which all mineral oil 
naturally possesses. Under such conditions the sa[)onification test 
is unnecessary. The detection of bloom is made easy by dropping 
a small quantity of oil on a “black plate”; when looking at the 
sample at an angle the iridescent coloring will show strongly if 
undebloomed oil is present. 

Since mineral oil may be debloomed by the addition of nitro¬ 
compounds, as nitro-naphthalene or bi-nitro-benzol, the optical 
test must not be regarded as absolute and in imj)ortant cases the 
saponification method must be resorted to. 

The common way of detecting the adulteration of animal and 
vegetable oils among themselves is by using the saponification 
method and making quantitative determinations. It is necessary 
for this purpose to accurately determine the quantity of hydroxide 
necessary to compdetely saponify the oil and to check with that 
theoretically necessary for the particular oil under consideration. 
This is evidently a matter for the chemist and is seldom attempted 
by the engineer. 

Each animal and vegetable oil has a definite sp)ecific gravity at a 
given temperature, and variation from this figure may be taken as an 
indication that impurities are present. There are several oils, how¬ 
ever, whose specific gravity is very nearly the same at the same tem¬ 
perature, and hence this method of identification sometimes fails. 
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Animal oils, may be distinguished from those of vegetable origin 
by the fact that chlorine gas will turn animal oils brown and vege¬ 
table oils white. 

121. Acid Tests. —Tests for acidity may be made by observing 
the effects on blue litmus-paper; or better by the following method 
described by Dr. C. B. Dudley: Have ready (i) a quantity of 95 
per cent alcohol, to which a few grains of carbonate of soda have 
been added, thoroughly shaken and allowed to settle; (2) a small 
amount of turmeric solution; (3) caustic-potash solution of such 
strength that 31^ cubic centimeters exactly neutralize 5 c.c. of a 
solution of sulphuric acid and water, containing 40 milligrams 
H3SO4 per c.c. Now weigh or measure into any suitable closed 
vessel — a four-ounce sample bottle, for example — 8.9 grams of 
the oil to be tested. To this add about two ounces No. i, then add a 
few drops No. 2, and shake thoroughly. The color becomes yellow. 
Then add, from a burette graduated to c.c., solution N0.3 until the 
color changes to red, and remains so after shaking. The acid is in 
proportion to the amount of solution (3) required. The best oils 
will require only from 4 to 30 c.c. to be neutralized and become red. 

122. Gumming or Drying.—Gumming or drying is a conver¬ 
sion of the oil into a resin by a process of oxidation, and occurs 
after exposure of the oils to the air. In linseed and the drying oils 
it occurs very rapidly, and in the mineral oils very slowly. 

Methods of Testing. — Nasmyth's Apparatus. —An iron plate 
.six feet long, four inches wide, one end elevated one inch. Six or 
less different oils are started by means of brass tubes at the same 
instant from the upper end: the relative distances covered in a given 
time constitute a measure of the gumming property. 

Bailey's Apparalus consists of an inclined plane, made of a glass 
plate, arranged so that it may be heated by boiling water. A scale 
and thermometer is attached to the plane. Its use is the same as 
the Nasmyth apparatus. 

This effect may also be tested in an oil-testing machine by apply¬ 
ing fresh oil, making a run, and noting the friction; then exposing 
the journal to the effect of the air lor a time, and noting the increase 
of friction. In all cases a comparison must be made with some 
standard oil. 
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123. Denaty of Oils. —The density or specific gravity is usually 
obtained with a hydrometer (see Fig. 174) adapted for this special 
purpose, and termed an oleometer. The distance that it sinks in a 
vessel of oil of known temperature is measured by the graduation on 
the stem; from this the specific gravity of the oil may be found. The 
standard temperature for measuring of the density of oils is 60° F. 

The density is often exjiresscd in Beaum^’s hydrometer-scale, 
which can be reduced to corresponding specific gravities as com¬ 
pared with water by Table 2 given in the Appendix. 

Beaum€'s hydrometer is graduated in degrees to accord 
with the density of a solution of common salt in water; 
thus, for liquids heavier than water the zero of the scale 
is obtained by immersing in pure water; the five-degree 
mark by immersing in a fivc-j)er-cent solution; the ten- 
degree mark in a ten-per-cent solution; etc. For liquids 
lighter than water the zero-mark is obtained by immersing 
in a ten-per-cent solution of brine; the ten-degree mark 
by immersing in pure w'atcr. After obtaining the length 
of a degree the stem is graduated by measurement. 

The tendency to-day is to avoid the use of arbitrary 
scales, like the Beaum^, and to refer to the standard 
specific gravity scale. 

The density may be found by obtaining the loss of 
weight of the same body in oil and in distilled water. 
The ratio of loss of weight will be the density com¬ 
pared with w'atcr. 

It may also be obtained by weighing a given volume on 
174. a pair of chemical scales. 

Hvdrom- In connection with the methods of finding density 
above outlined it is well to remember that if a sample of 
oil is composite and has stood in a graduate for a considerable 
length of time the upper part of the oil column may be lighter 
than the lower, in which case the hydrometer may fail to give the 
correct result. I'his difficulty can usually be overcome by thorough 
stirring immediately before taking the reading. 

The following table gives average results of density determinations 
for the most common oils. 
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SPECIFIC GRAVITY (AVERAGE) OF OILS AT 60" F. 
Animal and Vegetable Oils. 


Castor. ...o 966 

Cotton-seed (refined) .0,923 

Coddiver (pure) .0.927 

Lard (winter) .o 917 

Linseed (raw).o 920 

Linseed (IxMled) . ....o 941 

Olive... o 914 

RajK^-seed (white winter). o 914 

Re.sin (third run)...o 988 

Seal.o 924 

Sperm (winter).o 881 

Tallow.o 904 

Whale (winter) .o 925 


Mineral Oils. 


Rhigolene.0.622 

Benzine.0.630 to o 670 

Ga.solenc . .0 680 to o 700 

Illuminating oils (average).0.780100 860 

Lubriauing oils.o 860 to o 960 

Paraffine wax.o 890 


124. -' Method of Finding Density, —A. WUh Jlydrometer Ther¬ 
mometer and with Hydrometer Cylinder, 

1. Clean the cylinder thoroughly with benzine, then fill with dis¬ 
tilled water. Set the whole in a water-jacket, and bring the tem¬ 
perature to 60*^ F. Obtain the reading of the hydrometer in the 
distilled water and determine its error. 

2, Clean out the cylinder, dry it thoroughly, and fill with the oil 
to be tested; heat in a water-jacket to a temperature of (>o°F.,and 
obtain reading of hydrometer; also obtain reading, at temperatures 
of 40^^, 80*^, 100°, 125®, and 150^, and plot a curve showing relation 
of temperature and corrected hydrometer-reading. 

Reduce hydrometer-readings, if in Beaumi! degrees, to correspond¬ 
ing specific gravities, by table given in Appendix. 

B. Weigh on a chemical balance the same volume of distilled 
water at 60^ F., and of the oil at the same temperature; and compute 
the specific gravity. 
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C. Weigh the same metallic body by suspending from the bottom 
of a scale-pan of a balance; i. In air; 2. In water; p In the oil at 
the required temperature. Carefully clean llie body with benzine 
after immersing in the oil. The ratio of the loss of weight in oil to 
that in water will be the density. 

125. Viscosity. — Viscosity of oil is closely related but not pro¬ 
portional to density. It is also closely related, and in many cases 
it is inversely proportional, to the lubricating properties. The rela¬ 
tion of the viscosities at ordinary temperatures is not the same as for 
higher temperatures, and tests for viscosity should be made with the 
temperatures the same as those in use. The less the viscosity, con¬ 
sistent with the pressure to be used, the less the friction. 

The viscosity test is considered of great value in determining the 
lubricating qualities of oils, and it is quite probable that by means of 
it alone we could determine the lubricating qualities to such an extent 
that a poor oil would not be accepted nor a good oil rejected. It is, 

however, in the present method of 
performing it, to be considered as 
giving comparative rather than ab¬ 
solute results. 

There are several methods of 
determining the viscosity. It is 
usual to take the viscosity as in¬ 
versely proportional to the rate of 
flow of the oil through a standard 
nozzle w'hile maintaining a constant 
or constantly diminishing head and 
constant temperature, a comparison 
to be made with water or with 
some well-known oil, as sperm, lard, 
or rape-seed, under the same con¬ 
ditions of head and temperature. 

Viscosimeter .—A pipette sur¬ 
rounded by a water-jacket, in 
which the water can be heated by an auxiliary lamp and maintained 
at any desired temperature, is often used as a viscosimeter. Fig. 175 
shows the usual arrangement for this test. E is the heater for the 
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jacket-water, BB the jacket, A the pipette, G a ihermomcter for 
determining the temperature of the jacket-water. The oil is usually 
allowed to run partially out from the pipette, in which case the head 
diminishes. Time for the whole run is noted with a stop-watch. 

In the oil-tests made by the Pennsylvania Railroad Company the 
pipette is of special form, holding 100 c.c. between two marks,—one 
drawn on the stem, the other some distance from the end of the dis¬ 
charge-nozzle. 

Tagliabue’s Viscosimeter .— In Tagliabue’s viscosimeter, shown 
in Figs. 176 and T77, the oil is contained in a basin C, and trickles 



FlO. 176 — T AGl I \BUI’s 
VlSf'OSlMLlFP, 



Fig. 177.—Tagiiabxje’s 

VlSrOblMElIZR, 


downward through a metal coil, being discharged at the faucet on 
the side into a vessel holding 50 c.c. The oil is maintained at any 
desired temperature by heating the water in the vessel B surrounding 
the coil; cold water is supplied from the vessel A, as required to main¬ 
tain a uniform temperature. The temperature of the oil is taken 
by the thermometer D. 

Gibbs' Viscosimeter. —In the practical use of viscosimeters it is 
found that the time of flow of 100 c.c. of the same oil, even at the 
same temperature, is not always the same, — which is probably due 
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to the change in friction of the oil adhering to the sides of the 
pipette. 

To render the conditions which produce flow more constant, Mr. 
George Gibbs of ('hicago surrounds the a iscosimeter, which is of the 
pipette form, with a jacket of hot oil. A circulation of the jacket-oil 
is maintained by a force-pump. The oil to be tested is discharged 
under a constant head, which is insured by air-pressure applied by a 
pneumatic trough. The temperature of the discharged oil is meas¬ 
ured near the point of discharge. 

Perkins' Viscosimeter. —T he I’crkins’ viscosimeter consists of a cy¬ 
lindrical vessel of glass, surrounded by a water or oil bath, and fitted 
with a piston and rod of glass. The edges of this piston are rounded, 
so as not to be caught by a slight angularity of motion. The diam¬ 
eter is one-thousandth of an inch less than that of the cylinder. Jn 
practice the cylinder is filled nearly full of the oil to be tested, and 
the piston inserted. The time required for the piston to sink a certain 
distance into the oil is taken as the mea.sure of the viscosity.* 
Stillman's Viscosimeter. —Prof. Thomas B. Stillman of Stevens 
Institute uses a conical vessel of copper, 6| inches in length and i ^ 
inches greatest diameter, surrounded by a water-bath, and connected 
to a small branch tube of glass, which is graduated in cubic centi¬ 
meters; the time taken for 25 c.c. to flow through a bottom orifice 
of an inch in diameter is taken as the measure of the viscosity, 
during which time the head changes from 6 to 5 inches. Prof. 
Stillman makes all comparisons with water, which is the most con¬ 
venient and uniform standard. The temperature of the oil is taken 
at about the center of the viscosimeter. 

Viscosimeter with Constant Head, — A form of viscosimeter which 
possesses the advantage of having a constant head for flow of oil 
regardless of the quantity in the instrument, as made by Tinius 
Olsen & Co. of Philadelphia, is shown in the next figure. It is 
simple in form and can be very readily cleaned. It is provided with 
a jacket, and oils may be tested at any temperature. This instru¬ 
ment is now the principal standard used in the Sibley College 
Laboratories. 

* See pap>er bv Prof Denton, Vol IX., Transactions of Ain Society of Mechanical 
Engineers. 
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Description. — A, Fig. 178, is a cup similar in construction to 
that of the kerosene reservoir of a students' lamp, with a capacity 
of about 125 C.C., and is surrounded with a 
jacket D, in which may be placed insulating 
materials or water to maintain a constant tem¬ 
perature while the oil is flowing; C is a ther¬ 
mometer-cup, to the bottom of which is 
secured a small cap containing the orifice F\ 
iV is a channel connecting the chamber con¬ 
taining .4 with C; is one of four small tubes 
which admit air to the interior of the cup A 
and thus maintain atmospheric pressure on oil 
in it; this action secures a constant level of the 
surface of the oil in the cup C and the sur¬ 
rounding space, at the height of the lower 
opening in the tube B. H is a valve to retain 
oil in A while placing it into D. M is a 
bracket serving as a guide for valve-stem K. 

The mechanism L, G, G is a device for 
opening and closing the orifice F readily, and 
‘s held in a closed position by spring catch L. 

The instrument is supported by three legs about eight inches in 
length. 

Operation. —Withdraw cup A, fill it in an inverted position with 
the oil, hold valve H on its seat, reinvert A and place in position in 
the instrument. The latter operation raises valve H and the oil is 
allowed to flow out of A until chambers N and C are filled a little 
above lower opening of tube B. A beaker graduated in c.c.’s, of 
capacity of about no c.c., is placed under F', Lh released and G 
allowed to drop, permitting oil to flow through F freely into the 
beaker. When oil in C falls below the bottom of tube B, air is 
admitted to the top of the oil in A and oil flows out until it again 
rises a little above the lower end of tube J?, when flow out of A is 
stopped until the level again falls below B. This action continues 
throughout entire run, intermittently but so rapidly that a practically 
constant head is maintained at F. 

In C a thermometer is suspended so that its bulb is immersed in 



Fig. 178. 

ViSCOSLMETER. 
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the oil, by which means the temperature of oil can be observed 
immediately before flowing out of orifice F, which is essential in 
ascertaining the relative viscosity of the oil. The oil may be heated 
in the viscosimeter by applying a Bunsen burner, but it is usually 
more conveniently heated in a separate vessel until it has attained 
the proper temperature. 

Other Forms of Viscosimeters. — A simple form of viscosimeter has 
been used with success by the author, consisting of a copper cup in 
form of a frustum of a cone, having dimensions as follows: bottom 
diameter 1.25 inches, top diameter 1.95 inches, depth 6 inches. The 
flow takes place through a sharp-edged orifice in the centre of the 
bottom xV iitch in diameter. The whole height is inches. The 
instrument when made of copper requires a glass oil-gauge, .showing 
the height of the oil in the viscosimeter. This should be connected 
to the viscosimeter 3 inches from the bottom. The time for the flow 
of 100 c.c. is taken as the measure of the viscosity, during which 
time the head changes from 0 to about 3.5 inches; the area of exj)osed 
surface diminishes at almost exactly the rate of decrease of velocity 
of flow, so that the fall of level is very nearly constant. 

The comparative number of vibrations of a pendulum swinging 
freely in the air, and when immersed in an oil during a given time, 
is also said to afford a valuable means of determining the viscosity. 

126. Method of Measuring Viscosity with Olsen Apparatus. — If 
the viscosimeter has a water-jacket fill it and arrange for the main¬ 
tenance of the same at any desired temperature. This is most 
conveniently done by circulation from a water-bath. Fill the cup 
with the oil and insert in the instrument. Allow the oil to run out, 
noting accurately with the stop-watch the exact time required to 
discharge a given amount. Make determinations at 60°, 100°, and 
150° F., two for each temperature. Clean the apparatus thoroughly 
at the beginning and end of the lest, using benzine or alkali to 
remove any traces of oil. 

The ratio of time of flow of a quantity of oil to time of flow of an 
equal quantity of water measures the relative viscosity of the given 
sample of oil to that of water at the given temperature. 

127. Chill-point. — Cold tests are made to determine the behavior 
of oils and greases at low temperatures. By chill-point is meant 
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the temperature of solidification. The method of test is to expose the 
sample while in a w ide-moulhcd bottle or test tube to the action of a 
freezing mixture, which surrounds the oil to be tested. Freezing 
mixtures may be made with ice and common salt, wdth ice alone, or 
with 15 parts of Glauber’s salts, above which is a mixture of 5 parts 
muriatic acid and 5 parts of cold water. The temjieratiire is read 
from a thermometer immersed in the oil. The chill jioint is to be 
found by first freezing and then determining the melting temperature. 

1 agluthiu's Cold Ust Apparatus. — Tagliabue has a special a])- 
paratus for the cold test of oils shown in sec turn in Fig ip). The 



Fig 17Q. — Tagiiabuj’s Coin-irsT '^n-ARAios. 


oil is placed in the glass vessel, which is suirounded with a freezing 
mixture. The glass containing the oil c.in be rocked backward and 
forward, to insure more thorough freezing. A thermometer is 
inserted into the oil and another into the surrounding air-chamber, 
the oil is frozen, then permitted to medt, and the temperature 
taken. 

In making this test considerable difficulty may be experienced m 
determining the melting-point ‘'ince many of the oils do not suddenly 
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freeze and thaw like water, but gradually soften, until they will finally 
run, and during this whole change the temperature will continue to 
rise. This is no doubt due to a mixture of various constituents 
with different melting-points. In such a case it is recommended 
that an arbitrary chill-point be assumed at the temperature that is 
indicated by a thermometer inserted in the oil, when it has attained 
sufficient fluidity to run slowly from an inverted test-tube. The 
temperature at the beginning and end of the process of melting is to 
be observed. 

128. Method of Finding the Chill-point. — Pour the sample to be 
tested into a test-tube or other vessel, in which insert the thermometer; 
surround this with the freezing mixture, which may be composed of 
small particles of ice mixed with salt, with provision for draining off 
the water. Allow the sample to congeal, remove the test-tube or 
vessel from the freezing mixture, and while holding it in the hand 
stir gently with the thermometer. The temperature indicated when 
the oil is melted is the chill-point. 

In case the operation of melting takes place over a range of 
temperature, note the temperature at the beginning and also at 
the end of the process of melting. 

In report describe apparatus used and the methods of testing. 

129. The Flash-point. — The Flash-test determines the temper¬ 
ature at which oils discharge by distillation vaj)ors which may be 
ignited. The test is made in two ways. 

Firstly. With the open cup. —In this case the oil to be tested 
is placed in an open cup of watch-glass form, which rests on a sand- 
bath. A thermometer is suspended with the bulb immersed in the 
oil. Heat is applied to the sand-bath, and as the oil becomes heated 
a lighted taper or match is passed at intervals of a few seconds over 
the surface of the oil, and at a distance of about one-half inch from 
it. At the instant of flashing the temperature of the oil is noted, 
which temperature is the “ flash-point.” 

Fig. 180 shows Tagliabue’s form of the open cup, in which heat 
is applied by a spirit-lamp to a water or sand bath surrounding the 
cup containing the oil. 

The method of applying the match is found to have great 
influence on the determination of the flash-point, and should be dis- 
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tinclly stated in each case. When the vapor is heavier than air, a 
lower flash-point will be shown by holding near one edge of the cup. 



Fig. 180. — Open Cot. Fig. 181. — Closed Cot for 

Flash-point. 


Secondly. With the doted oil-cup. —Fig. 181 is a view of Tag- 
liabue’s closed cup for obtaining the flash-point; in this instrument 
the oil is heated in a sand-bath above a lamp. The thermometer 
gives the temperature of the oil. The match is applied from time 
to time at the orifi.ee d, which in the intervals can be covered by a 
slide. 

The o])en cup is generally preferred to the closed one as giving 
more uniform determinations, and it is also more convenient and 
less likely to explode than the closed one. 

130. Method of Testing for Flash-point. —Put some dry sand 
or water in the outer cup and some of the oil to be tested in the small 
cup. Light the lamp and heat the oil gently—at the rate of about 
50° F. in a quarter of an hour. At intervals of half a minute after 
a temperature of 100® F. is attained, pass a lighted match or taper 
slowly over the oil at a distance of one-half inch from the surface. 
The reading of the thermometer taken immediately before the vapor 
flashes is the temperature of the flash-point. 
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With the closed cup the method is essentially the same. The 
lighted taper is applied to the tube leading from the oil vessel, the 
valve being opened only long enough for this purpose. 

131. Burning-point. —The burning-point is determined by heat¬ 
ing the oil to such a temperature that when the match is applied as 
for the flash-test the vaj>ors above the surface bum continuously. 
The reading of the thermometer just before the match is applied is 
the burning-point. 

132. Method of Testing for Burning-point. —The burning-point 
is found in the same manner as the flash-[>oint, with the open cup, 
the test being continued until the oil takes fire when the match is 
applied. The last reading of the thermometer before combustion 
commences is the burning-point. 

133. Volatility. — Mineral oil will lose weight by evaporation, 
which may be ascertained by placing a given weight in a watch-glass 
and exposing to the heat of a water-bath for a given time, as twelve 
hours. The loss denotes the existence of volatile vapors, and should 
not exceed 5 per cent in good oil. Other oils often gain weight by 
ab.sorption of oxygen. 

134. Coefficient of Friction.—Oil-testing Machines.— Measure¬ 
ments of tlie coefficients of friction are made on oil-testing machines, 
of which various forms have been built. These machines are all 
species of dynamometers, which j)rovide (i) means of measuring the 
total work received and that delivered, the dilTerence being the work 
of friction; or (2) means of measuring the work of friction directly. 
Machines of the latter class are the ones commonly employed for 
this especial purpose. 

Rankine's Oil-testing Machine. —Rankine describes two forms 
of apjjaratus for testing the lubricating jjropertics of oil and grease. 

I. Statual Apparatus, —This consists of a short cylindrical axle, 
supported on two bearings and driven by pulleys at each end. In 
the middle of the axle a plumber-block was rigidly connected to a 
mass of heavy material, forming a ])endulura. The lubricant to be 
tested was inserted in the pliimber-block attached to the pendulum, 
and the coeflTicient of friction determined by the deviation of the 
pendulum from a vertical. In this machine the axle was provided 
with reversing-gears, so that it could be driven first in one direction 
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and then in the opposite. With this class of machine, if r equal the 
radius of the journal, R. the effective arm of the pendulum, P the 
total force acting on the journal, ^ the angle with the vertical, we 
shall have the product of the force P into the arm R sin 0 equal 
to the moment of resistance Fr. That is, 

Fr = PR sin <j>, 

from which 

F FR sin <j) _ P sin ^ 
j -j- 


II. Dynamic or Kinetic Apparatus. —In tliis case a loose fly¬ 
wheel of the rc([uired weight is used instead of the pendulum. The 
bearings of journals and of fly-wheel are lubricated; then the machine 
is set in motion at a s{)eed greater than the normal. The driving- 
[Kjwcr is then disengaged, and the fly-disk rotates on the stationary 
axis until it comes to rest. The coefficient of friction is obtained by 
measuring the retardation in a given time. 

Let the initial number of turns per second == »j, 
the final number of turns per second = Wj, 

Wj and Wj ■■■ the corresponding angular velocities, 

W - weight of the wheel, 
k = radius of gyration, 

W 

I — — F - moment of inertia of the wheel, 

S _ 

r — radius of the journal, and 
t — time of retardation in seconds. 

Then the loss in kinetic energy 

- io^). 

2 g 

The work of friction during t seconds 

These two expressions must be equal, and, remembering that (o — 
2 nn, the equation will reduce to 

F ^ ^ ^ . 


n 


g 



258 


EXPERIMENTAL ENGINEERING 


Now F - fW, where / is the coefficient of friction. 

Hence finally , ^ 2 r («, — w^) F 

^ ft g ' 

Thurston's Standard Oil-testing Machine. —This machine per¬ 
mits variation in speed and in pressure on the journal; it also affords 
means of supplying oil at any time, of reading the pressure on the 
journal, and the friction on graduated scales attached to the machine. 

This machine, as shown in the following cuts, Figs. 182 and 183, 
consists of a cone of pulleys C, for various speeds, fastened on 



l-io 182. — SlCllON OF ThURSTOV’S IlG. 183.— PFRSPtCTIVF ViTW op TUURS- 
OiL-TESiiNG Machine. Oil-ifstino Machine. 


shaft A between two bearings B, B', The shaft carries an over¬ 
hanging journal, F, about which the pendulum 11 swings. The 
latter is supported by brasses which are adjustable and which 
may be set to exert any given pressure by means of an adjusting 
screw K', acting on a coiled spring within the pendulum. The 
pressure so exerted can be read directly on the scale M, attached to 
the ]'endulura; a thermometer Q in the upper brass gives the tem¬ 
perature of the bearings. The deviation of the pendulum is 
measured by a graduated arc PP\ fastened to the frame of the 
machine. The graduations of the pendulum scale M show on one 
side the total pressure on the journal P, and on the other the pres- 
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sure per square inch p\ those on the fixed scale PP' show the total 
friction F\ this, divided by the total pressure P, gives /, the coeffi¬ 
cient of friction. 

From the construction of the machine, it is at once perceived that 
the pressure on the journal is made up of equal pressures due to 
action of the spring on upper and lower brasses, and of the pressure 
due to the weight of the pendulum, which acts only on the upper 
brass. This latter weight is often very small, in which case it can 
be neglected without sen¬ 
sible error. 

Thurston's Railroad Lu¬ 
bricant-tester. —The Thurs¬ 
ton machine is made in 
two sizes; the larger one, 
having axles and bearings 
of the same dimensions as 
those used in standard-car 
construction, is termed the 
“Railroad Lubricant-test¬ 
ing Machine.” A form of 
this machine is shown in 
the following cut, arranged 
for testing with a limited 
supply of lubricant. (See 
Fig. 184.) 

Explanation of symbols: 

r, thermometer, giving 
temperature of bear¬ 
ings. 

R, S, rubber tubes for 
circulation of water 
through the bear- '^4 —Thurston’s RAicROAn Lubricant 
. TFSTiNo Machine. 

mgs. 

N, burette, furnishing supply of oil. 

M, siphon, controlling supply of oil. 

P, candle-wicking, for feeding the oil. 

JEf, copper rod, for receiving oil from P. 
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The railroad testing-machine, which is shown in section in Fig. 
185, differs from the Standard Oil-testing Machine principally in the 
construction of the pendulum. This is made by screwing a wrought- 
iron pipe J, which is shown by solid black shading in Fig. 185, into 
the head K, which embraces the journal and holds the bearings a,o' 
in their place. In this pipe a loose piece b is fitted, which bears 



Fig. 185.— Sioton or RAttKO-vo Lotricant-tbsting Machtne. 


against the under journal-bearing a'. Into the lower end of the 
pipe J a piece cc is screwed, which has a hole drilled through the 
center, through which a rod / passes, the upper end of w'hich is 
screwed into a cap d] between this cap and the f)icce <c a spiral 
spring is placed. The upjjer end of the rod bears against the piece 
b, which in turn bears against the bearing a'. The piece b has a key 
/, which passes through it and the pipe J. This key bears against a 
nut 0, screwed on the pipe. By turning the nut 0 the stress on the 
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journal produced by screwing the rod / can be thrown on the key I, 
and the bearing relieved of ])ressure, without changing the tension 
on the spring. A counterbalance above the ])endulum is used when 
accurate readings arc desired. The “ brasses ” are cast hollow, 
and when necessary a stream of water can be passed through to take 
up the heat, and maintain them at an even temperature. 

The graduations on tlie machine show on the fixed scale, as in the 
standard machine, the total friction; and on the pendulum, the 
total pre.ssures (i) on the upper brasses, (2) on the lower brasses, 
and (3) the sum of these pressures. 


Theory of the Thurston Oil-testiiif' Machines. 


The mathematical formula* applying to these machines are as 
follows; Let P equal the total pressure on the journal; p the pres 
sure per sejuare inch on jirojected area of journal; T the tension of 
the spring; W the weight of the pendulum; r tlie radius of the 
journal; R the effective arm of the pendulum; 0 the angle of devia¬ 
tion of the pendulum from a vertical line; F the total force of friction; 
/ the coefficient of friction; I the length of bearing-surface of each 
bra.ss. 

Since in this machine botli bras.ses are loaded, the projected area 
of the journal bearing-surface is 2 (2 r)/ - 4/r. We shall evidently 
have 

P 2 T -f IK, (i) 


P 2 T [- IK 
4 /r 4 /r 


(2) 


By definition f ~ F ‘r P. 

Since the moment of friction is equal to the external moment of 
forces acting, 


Fr ^ Pfr {2 T -f IK) r = WR sin 0. (3) 


From which 


P rP~ 


(4) 


In the machines WR sin 0 r is shown on the fixed scale, and the 
graduations will evidently vary with sin 0, since WR -s- r is constant. 
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P, the total pressure, is shown on the scale attached to the pendu¬ 
lum. 

In the standard machine the weight of the pendulum is neglected, 
and P «= 2 P; but in the railroad oil-testing machine the weight 
must be considered, and P = 2 P -f IF, as in equation (i). 


Constants of the Machine. 

As the constants of the machine are likely to change with use, 
they should be determined before every important test, and the final 
results corrected accordingly. 

1. To determine the constant WR, swing the pendulum to a 
horizontal position, as determined by a spirit-level; support it in 
this position by a pointed strut resting on a pair of scales. From 
the weight, corrected for weight of strut, get the value of TFP; this 
should be repeated several times, and the average of these products 
obtained. 

2. Obtain the weight of the pendulum by a number of careful 
weighings. 

3. Measure the length and radius of the journal; compute the 
projected bearing-surface 2 (2 Ir). 

WR 

4. Compute the constant -, which should equal twice the 

r 

reading of the arc showing the coefficient of friction when the j)endu- 
lum is at an angle of 30®, since sine of 30° equal J. 

Riehl 4 ’s Oil-testing Machine. —This machine consists of an 
axle revolving in two brass boxes, w'hich may be clamped more or 
less tightly together. The machine as shown in Fig. 186 has two 
scale-beams, —the lower one for the purpose of w'eighing the pres¬ 
sure put upon the journal by the hand-screw on the opposite side of 
the machine, the upper one for measuring the tendency of the 
journal to rotate. The upper scale-beam shows the total friction, or 
coefficient of friction, as the graduations may be arranged. A 
thermometer gives the temperature of the journal; a counter the 
number of revolutions. 

The OlserhCorndl Oil-testing Machine. —In both the Thurston 
and Riehld machines pressure is applied to both halves of the bear- 
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ing and there are consequently two points of maximum pressure on 
the journal. This is an unusual condition in actual practice and 
in this respect these machines fail to represent true conditions, 
although the results obtained with them can of course be compared 
among themselves. In the Cornell testmg machine, Fig. 187, the 
test bearing is a block resting on the top of the test journal, which 
in turn is supported by a bearing on each side. The driving pulley 
is placed next to the test journal. The test bearing is held by a 



JbiG 186.- RiLHILS MaCHINjk. 


yoke which is supported on knife-edges in the axis of the test journal. 
Pressure is applied to the bearing b\ pulling down the yoke b) 
means of a strong helical spring contained in the c}hndrical case 
near the base of the machine. The force of friction tends to si\ ing 
the yoke alxiut its knife-edges, -which tendency is balanced by means 
of the scale beam. The total pressure is determined by calibrat¬ 
ing the load spring, the figures being given on a scale attached to 
the spring case. 

As in the other machines, the coefficient of friction is equal to 
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the force of friction, in this case read directly from the beam, 
divided by the total pressure, A lest bearing of the kind used in 
this machine rej)rcsents more nearly the conditions existing in an 
actual bearing. 



Fjg. 187. — Olsln-Cokm.u, (Jo-iisijn<. Machine. 


135. Directions for Obtaining Coefficient of Friction with Thurs¬ 
ton’s Oil-testing Machines. — Cleaning, — In the testing of oils great 
care must be taken to prevent the mixing of dilTcrent samples, and in 
changing from one oil to another the machine must be thoroughly 
cleaned by the u^c of alkali or benzine. 

In the test for coefficient of friction the loads, velocity, and tem¬ 
perature are kept constant for each run; the oil-supply is sufficient 
to keep temperature constant, the journals being generally flooded. 
The load is changed for each run. 

The following are the special directions for the test of Coefficient 
of Friction, as followed in the Sibley College Engineering Laboratory. 

Apparatus, —Thurston’s Standard Lubricant-testing Machine; 
thermometer; attached revolution-counter. 
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Method. —Remove and thoroughly clean the brasses and the 
steel sleeve or journal by the use of gasolene. Determine the con¬ 
stants of the machine as explained in Article 134, measure the pro¬ 
jected area of journal bearing-surface, and the weight and moment 
of the pendulum. Ascertain the error, if any, in the graduation 
of the machine, and correct the results obtained accordingly. Put 
the sleeve on the mandrel; place the brasse.s in the head of the pen¬ 
dulum and sec that the pressure spring is set for zero and pressure 
as indicated by the pointer on the scale. Slide the pendulum care¬ 
fully over the sleeve, put on the washer, and secure it with the nut. 
See that the feeding apparatus is in running order. Belt up the 
machine for the high speed and throw on the power, at the same time 
supplying the oil at a rate calculated to maintain a free supply. By 
deflecting the ])endulum and using a wrench on the nut at the bottom 
increase the pressure on the brasses gradually until the pointer in¬ 
dicates 50 }X)unds i)er square inch. 

Make a run at this pressure, and also for pressures of 100, 150, 
and 200 pounds; but do not in general permit the maximum pres¬ 
sure in j)ounds per square inch to exceed 44,800 -i- (r> -f 20). 
Begin by noting the time and the reading of the revolution-counter; 
take readings, at intervals of one minute, of the arc and the tem¬ 
perature until both are constant. At the end of the run read the 
revolution-counter and note the time. 

The velocity, v, of the rubbing surface in feet per minute should 
be computed from the number of revolutions and circumference of 
the journal. 

Make a second series of runs, with constant pressure and variable 
.si>eed. 

In report of the test .state clearly the objects, de.scribe apjjaratus 
used and method of testing. 

Tabulate data, and make record of tests on the forms given. 

Draw a series of curves on the same sheet, showing results of the 
various tests as follows: 

1. With total friction as abscissa', and pressure per square inch as 
ordinates; for constant speed. 

2. With coefficient of friction as ab.scissae, and pressure per square 
inch as ordinates; for constant speed. 
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3. With coefficient of friction as abscissie, and velocity of rubbing 
in feet per minute as ordinates; pressure constant. 

136. Instructions for Use of Thurston’s R. R. Lubricant-tester. 
— Follow same directions for coefficient of friction-test as given 
for the standjurd machine, applying the i)ressure as explained in 
Article 135. 

Water or oil of any desired temperature can be forced through 
the hollow boxes by connecting as shown in Fig. 184, and the 
temperature of the bearings thus maintained at any desired point. 
W'ith this arrangement the machine may be used for testing cylinder- 
stock, as explained in directions for using Boult’s machine. The 
concise directions arc: 

1. Clean the machine. 

2. Obtain the constants of the machine; do not trust to the 
graduations. 

3. Make run under required conditions, which may be with each 
rate of speed. 

a. With flooded bearings, temperature variable. 
h. With flooded bearings, temperature regulated by forcing 
oil or water through hollow brasses. 
c. Feed limited, temperature variable or tem})erature regu¬ 
lated. 

In all cases the object will be to ascertain the coefficient of friction. 

137. Durability of Lubricants. —In this case the amount of 
oil supplied is limited, and it is to be used for as long a time as it 
will continue to cover and lubricate the journal and prevent abrasion. 
To give satisfactorj' results, this requires a limited supply or a per¬ 
fectly constant rate of feed, an even distribution of the oil, and the 
restoration of any oil that is not used to destruction; these require¬ 
ments present serious difficulties, and present methods do not give 
uniform results.* The method at present used is to consider the 
endurance or durability proportional to the time in which a limited 
amount, as one-fourth c.c., will continue to cover and lubricate the 
journal without assuming a pasty or gummy condition, and with¬ 
out giving a high coefficient of friction. The average of a number 

• See paper by Professor Denton, Vol, XL, p. 1013, Transactions of American 
Society of Mechanical Engineers. 



FRICTION— TESTING OF LUBRICANTS 26; 

of runs is taken as the correct determination. In this test care must 
be taken not to injure the journal. 

The time or number of revolutions required to raise the tempera¬ 
ture to a fixed point —for instance, 160® F. —is in some instances 
considered proportional to the durability. 

138. Durability-testing Machines. — The Ashcroft and the Boult 
machines are especially designed for determining the durability of 
oils from the former by noting the rise in temperature, from the 
latter by noting the change in the coefficient of friction. The 
difficulty of properly making this test no doubt lies in the loss of a 
very slight amount of oil from the journals, which is sufficient, how¬ 
ever, to make the results very uncertain. 



Fio. 188.^—Ashcroft Oil-testing Machine. 


Ashcroft's Oil-testing Machine. —This machine (Fig. 188) con¬ 
sists of an axle revolving in two brass boxes; the pressure on the axle 
IS regulated by the heavy overhanging counterpoise shown in the 
engraving. The tendency to rotate is resisted by a lever which is 
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connected to the attached gauge. The gauge is graduated to show 
coefficient of friction. 

The temperature is taken by an attached thermometer, and the 
number of revolutions by a counter, as shown in the figure. 

In this machine the weights and levers are constant, the variables 
being the temperature and coefficient of friction. 

It is used exclusively with a limited supply of oil, the value of the 
oil being supposed to vary with the total number of revolutions 
required to raise the temperature to a given degree — for instance, 
to ibo^^F. 



Boult’s LuBmcAOT-TtsiERs. 
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plish the following purposes: i. Maintaining the testing journal at 
any desired temperature. 2. Complete retention on the rubbing 
surfaces of the oil under test. 3. Application of suitable pressure 
to the rubbing surfaces. 4. Measurement of the friction between 
the rubbing surfaces. 

To secure the complete retention of the oil, a complete bush with 
internal flanges is used instead of the brasses employed in other oil¬ 
testing machines. On the inside of the bush is an ex])anding journal 
DD, Fig. lyo, the parts of which arc pressed outward against the 
surrounding bush by the spring E, or they may be drawn together 
by the set-screws BB, compressing the spring E. A limited amount 
of oil is fed from a pipette or graduated cylinder onto the journal, 
with the bush removed. This oil, it is claimed, will be maintained 
on the outer surface of the journal and on the interior surface of the 
metallic bush, so that it may be used to destruction. The bush is 
hollow, and can be filled with water, oil, or melting ice and brine. 

The oil to be tested can be maintained at any desired temperature 
by a burner F, \vhich heats the liquid CC in the surrounding bush. 
The temperature of the journal can be read by a thermometer whose 
bulb is inserted in the liquid CC. 

The friction tends to rotate the bush; this tendency is resisted by 
a lever connected by a chain to an a.xis carrying a weighted pendulum 
G, Fig. 189. 

The motion of the pendulum is communicated by gearing to a 
hand, passing over a dial graduated to show the total friction on the 
rubbing surfaces. 

The formula* for use of the instrument would be as follows: Let J 
equal coefficient of friction; G the weight of the bob on the pendu¬ 
lum, R its lever-arm; a the angle made by the pendulum with the 
vertical; a the length of the connecting lever; r the radius of the axis 
to which the pendulum is attached; r the radius of the journd; A the 
projected area of the journal; P the total pres.sure on the journal. 
Then „ 

- . — . G sin a =» fAP, 
r c 


from which 


/ 


aGR sin or 


sin 0: 

P 


X a constant. 


rUP 
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In this instrument the total pressure P is usually constant and 
equal to b 8 pounds, so that the graduations on the dial must be 
proportional to sin a. 

If the graduations are correct, the coefficient is found by dividing 
the readings of the dial by P (68 pounds). The work of friction is 
the product of the total space travelled into the total friction, and 
this space in the Boult instrument is two-thirds of a foot for each 
revolution, or two-thirds of the number of revolutions. 

The instrument cannot be used with a constant feed of oil, nor 
can the pressures be varied except by changing the spring E. 

139. Directions for Durability-test of Oils with Boult’s Oil-testing 
Machine. —To fill cylindrical oil-bath, take out the small thumb¬ 
screw and insert a bent funnel. Pour in oil —any sort of heavy 
oil may be used — until it overflow’s from the hole in which funnel 
is inserted, and replace thumb-screw. 

1. See that the friction surfaces arc perfectly clean. These can 
be examined by tightening the set-screws in order to compress the 
spring. This will enable the cylindrical bath to be lifted awa}. 
After seeing that the surfaces are perfectly clean, j)our on a measured 
quantity of the lubricant to be tested, and set the bath in position. 
Slacken set-.screws so as to allow the spring to have full pressure. 
The set-screws should not be removed entirely when slackening. 

2. Light the Bunsen burner. 

3. Heat the oil-jacket until the temperature at w’hich the oil is to 
be used is reached. 

4. Read revolution-counter, start machine and note initial friction 
reading. Continue run until friction has increased 50 per cent 
above its initial value. In some cases it is preferable to run the 
tester until there is a rise of 100 per cent of the friction first indicated. 
There does not appear to be any advantage in going beyond this, 
as the oil is then jiractically unfit for further u.sc, and there is danger 
of roughening the friction surfaces. 

5. When it is considered desirable to ascertain the distance 
travelled by the friction surfaces during a test, read off the counting- 
indicator before and after the test, subtract the lesser from the 
greater total, and the difference will represent the number of revo¬ 
lutions made during the test. As the friction surfaces travel two- 
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tliirds of a foot during each revolution, the number of feet travelled 
is arrived at by simply deducting from the number of revolutions 
made, one-third thereof. 

The value of the oil is proportional to the number of feet travelled 
by the rubbing surfaces. 

The speed at which the tester should be run should be about five 
to six hundred revolutions per minute. For high-speed engine-oil 
the speed may be increased to about a thousand per minute. 

140. Friction of Ball- and RoUer-bearings. — Within recent years 
ball- and roller-bearings have come into great prominence because 
of their low coefficient of friction and their capacity to endure abuse 
of various kinds. The common tests of such bearings may be 
divided into two classes; 

1. I'ests made to determine useful life of bearing under given 
load, and 

2. Tests made to determine the coefficient of friction under 
different conditions. 

For the imrixisc of the first test any machine by means of which 
a known load can be maintained on the bearing to be tested and 
which will record the total number of revolutions up to the point of 
failure, may be made to give satisfactory results. 

A machine for the second test is, however, much more difficult of 
construction, as the friction loss to be measured is relatively very 
small, necessitating light, accurate parts, while, the loads applied 
may be great, calling for stiff and heavy mechanism. Machines 
have been built along two distinct lines and the success or failure of 
either type depends to a great extent upon conditions. 

In the first type several similar bearings of the type to be tested 
support a rotating member which is driven by an accurately cali¬ 
brated motor. Means are provided for applying loads as desired 
and the test-bearing friction loss is found from the electrical 
input corrected for motor losses. The total friction loss divided 
by the number of bearings is assumed to be the loss due to each 
bearing. 

The second type of machine operates in much the same way as 
the Thurston and Riehl^ machines just described, the rotating part 
of bearing and shaft being driven in any convenient v^ay and the 
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frictional resistance being determined by measuring or weighing the 
tendency of the outer or stationary parts of the bearing to turn. 

A very complete machine of this type was recently developed by 



Fia iqi. 


Henry Hess of Philadelphia, and described 
in a paper before the A. S. M. E., in 
1908. This machine is capable of meas¬ 
uring the bearing capacity and the fric¬ 
tional resistance of a ball- or roller-bear¬ 
ing loaded radially or axially or both. The 
line drawings, Fig. 191 and Fig. 192, show 
the method of oi)eration. 

In Fig. 191, A is the bearing to be tested, 
mounted on the end of a shaft. The outer 
member is held in a strap AB, hinged to 
the rod BC, which is, in turn, hinged to a 
weighing system represented by CE. With 


the bearing at rest the y)oints A,B and C are in a vertical line, 


but if the shaft is rotated in the direction of the arrow the various 



Fig. 192. 


links as.sume a position similar, although much exaggerated, to 
that shown in the figure. The deflection of the point B, or any 
similar point B', is a measure of the tendency to turn, or of the 
journal friction, and the machine is so arranged that this deflec¬ 
tion may be accurately read to 0.0001 inch by means of a micro¬ 
scope and cross-hairs. 
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Fig. 192 shows the arrangement for applying axial loads. G is 
a wire which serves to draw the yoke F against the bearing with 
any desired force and also resists the tendency of the yoke to turn 
by twisting to such a jx)int that its torsional resistance is sufficient 
for the purpose. The amount of frictional resistance can be meas¬ 
ured by dropping weights into one or other of the pans P so as to 
bring the pointer which is carried by the yoke back to the zero 
reading. 

When the journal is submitted to combined radial and thrust loads 
the deflection of the point B, Fig. 191, measures the total friction. 

141. Forms for Report. —The following are the forms used in 
Sibley College for data and results of lubricant-tests: 

SIBLEY (.’OI.LECE, DEPARTMFCNT ()!• EXPERIMENTAL 
ENdlNEERINC. 

VISCOSITY-TEST 

Kind of Oil.. . . . . Dale.lOi 

Received from . . .... . . * 

C'olor. 

Specific Gravny at.Beaume Scale .® B. 

“ “ Water as i.ooo . 

Ash.% Tar. % Chill-point .^F. 

Flahhing-Pt.. .° F. i-os's at ' (•’ for 3 liours. . .. % 

Burning'Pt.° F, Acid.. . . . .. ... 

Observers, .... 


UKSlTf/nS OF VlSOOSrTY TES'r. 


No 

'J'iinc of Kl<» 

M ot ..... .r.(L in Sec j 

Temper at uio 

VtHOofeity. 

Sample. 

1 1 P- 

LanlOil. 1 Water I 

! I 

Water 1.00. 

Lara Oil LOO 

1 

9 


.i. 



a 

4 

. 

1 1 



c 


. i. 1 

. 


7 


j 1 

j 

. 

« 

9 


j 1 

!'**'**' V, . . i 



10 


;. 1 . 1 . 

. 

I 

1 
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OBSEBVATIONS OF VI8<X)8ITr-'rK8T. 


Ko. 


Temperature at b«gtuiiiiig 
of run. 


Temperature at end of run. 


Average temperature. 


Time of flow of e.e. 

ill seconds. 



DEPARTMENT OF EXPERIMP:NTAL ENGINREKINO, SIBLEY 
COLLEGE, CORNELL UNIVERSITY. 

FRICTION OF BEARING METALS AND LUBRICANTS. 

Name of Lubrkanl. 

Bearing Metal. 

Journal. 

Bearing-surface: Length 
Moment of Pendulum ., . 

Observers. 


No. of tost.. . . . 

ProRRure on journal, lt»8. total. .. 

Preasure on journal, lbs. per sq, in. 

Method of lubi ioation. 

Miiinoum footfieieut of friction. 

Maximum temperature of journal. 

remperature of room.. ... 

Elevation of temperature of journal above room 

Revolutions of journal per min. 

Feet travelled by nibbing-surfuco per min. .. 


Time, 

Rcvol«~ 1 
tiouR per | 
min. 

Tempera- 
ture of 
flournal 

Total i 
Friction. | 

! .- . 

Coeffi¬ 
cient of 
Friction. 

1 

Time. ] 

Revolu- 
1 tUinH per 

1 inm. 

Tempera¬ 
ture of 
Journal. 

Total 

Friction. 

CoefJi- 
cient of 
Friction, 




1 1 
! 

1 

I ■ 


































1 


. 











! 

I 1 





Dia 


.Width. 


. Area. 


. -. Date.. 









































CHAPTER X. 

MEASUREMENT AND TRANSMISSION OF POWER. 


14a. Definitions. — Power is the rate of doing work, while work 
is measured by the product of force times distance passed through. 
If we let P equal a force, I tlie distance passed through by the point 
of application of this force, and / the time in seconds required to 
pass through the distance I, then 


work ~ P Xl 


and 


(i) 


power -- P X *• 


(2) 


1 . 


The factor - is the distance passed through jjcr second and is called 
t 

the velocity. 

If work is done by a rotating torque, Eqs. (i) and (2) are easily 
modified. Thus supjx)se that the force P acts at an arm a from 
the center of rotation and that the number of revolutions made in 
t seconds is n. Then the distance passed through by tlie jx)int of 
application of the force P during n revolution is 


and as before, 
while 


1 = 2 Tcan, 
work — P X 2 nan, 


power == P X 

Eq. (4) may also be written 

{X)wer = Pa X 


2 nan 


2 zn 


Paco, 


(3) 

(■1) 

( 5 ) 


in which oj = angular velocity (radians) in unit time. 

In English units, P is expressed in }x>unds and I and a in feet, 
so that the unit of work is the foot-ix>und and the unit of power 
the foot-pound per unit time. The latter unit is too small for 

27s 
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ordinary commercial use and hence the common power unit is the 
arbitrarily chosen horse power, which is equivalent to 550 ft.-lbs. per 
second or 33,000 ft.-lbs. per minute. The commercial unit of elec¬ 
trical power is the kilowatt, which is equivalent to 1.34 H.P., i H.P. 
being equal to .746 K.W. The horse power unit of the metric system 
is equal to 73 kilogram-meters per second. The metric horse jx)wer 
is therefore only 98.63 per cent of the English horse i)ower. 

143. Measurement of Power. — It must be evident from a study 
of Eqs. (2) and (5) that the measurement of power resoh^cs itself 
into the measurement of force and linear velocity, or torque and 
angular velocity. The measurement of the velocity factor is usu¬ 
ally very simjde; that of the force or torque factor is, however, often 
quite complicated. Instruments and nmchincs used to measure 
power are collectively known as dynamometers. There are two 
distinct types, the absorption and the transmission dynamometer. 
In the former, as the name indicates, the power is absorbed, or in a 
sense destroyed, being generally converted into heat which is dis¬ 
sipated, although the electric generator may be considered a form 
of absorption dynamometer. Transmission (lynamometers, on the 
other hand, except for the losses due to friction in the dynamometer 
itself, transmit the power from the prime mover to the jx)wer con¬ 
sumer. The electric motor, which is finding more and more ex¬ 
tended use in the measurement of power, may be classed under this 
head. 

144. Absorption Dynamometers. — The most common example 
of this form of dynamometer is the ordinary Prony brake. In Fig. 
193, ABC is a strap or band .surrounding the circumference of the 
wheel W, which is driven by the machine whose }X)wer output is to 
be measured. If the strap is drawn up by means of the clamp AC 
sufficiently for the friction between the strap and the surface of the 
wheel to overcome the weight of the strap, the latter will be carried 
around with the wheel unless prevented by an arm DE resting 
against a solid supfwrt at R. Usually in this construction of 
Prony brake a second arm or link FII is put in merely to stiffen 
and to help su[)port the strap. The tendency of the strap to rotate 
will produce some reaction G at E, the magnitude of which depends 
entirely upon the friction produced by adjusting the clamp AC. 
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In the figure let a be the arm in feet at which the force C acts. 
Note that in all cases this arm must be measured from the center 
of the wheel perpendicular to the line of action of the force G (see 
the modifications in Fig. 194). Also let n be the number of revo¬ 
lutions per minute made by the wheel. Then, if the strap were free 
to travel with the wheel, the point E would in one minute describe 
a path equal to 2 nan feet, and this path would be described against 


r- D 



Fic 193 —Pronv Bhakl 


a resistance equal to G ])ounds. The work done therefore is 2 nGan 
foot-jX)unds, and the horse power develoj)ed would be 

, 2 nGan ,,, 

horse jwwcr -- (6) 

. 33-000 

In the above application of these brakes, the factor in the 

3 , 3;000 

above equation is a constant, and it becomes necessary merely to 
determine G and «. The latter may be found by any of the many 
types of speed counters. In the determination of G for the type of 
brake shown in Fig. 193 and in Fig. 194 A it should be noted that 
G is the net rc*action on the scale or other apparatus used to measure 
it, and not the total weight shown, because the latter is too large 
by the action of the weight of the arm and of the support. For 
small and medium sized brakes, or whenever the machine whose 
output is measured can be slowly rotated in either direction, the 
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simplest way of determining the brake^zero, as it is called, is to pro¬ 
ceed as follows: 

Let W be the weight of whatever support for the brake-arm there 
may be on the scale. 

W'j be the dowTiward force due to the weight of the brake- 
arm. 

F be the force of friction generated betw^cen the strap and 
the wheel when turning the wheel in either direction at 
the same speed. 



Turn the wheel first in the dirtrtion of the arrow in Fig. 193, 


wc have 


a, - W -!■ lF,-f F. 


Next, turn in the o])posile direction; then 


W -f- W^-F. 


Therefore, by addition, 


and 


Cr,+ 2 {W + W,) 

W + IFj- 

^ 2 


( 7 ) 


IFj can now be obtained by itself by determining the actual weight 
W of the supi)ort. In most cases, however, it is not necessary to 
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know this, and W + is usually known as the brake-zero reading. 
This must be subtracted in all cases from the total scale reading to 
obtain G for formula (6). 

In case it should not be possible to turn the machine over slowly 
in either direction, as above indicated, the following procedure may 
sometimes be used. Place a nmn on the scale and let him slowly 


raise and dej)ress the brake-arm through a small angle alx)ve and 
below its normal i)()sition and against a small friction. Care should 
be taken to apply the pressure to the brake-arm exactly below or 
above the knife-edge support with which all brake-arms should be 
furnished near the end. 

Determine the two reac¬ 
tions on the scale. The 
sum of these divided by 2 
will then be the weight of 
the man plus the partial 
weight of the brake-arm 
resting on the scale. Sub¬ 
tract the weight of the man 
and add that of the support 
or pedestal for the arm, if 
one is used. The result 
will be the brake-zero. 

In the case of the brake 
shown in Fig. 194 j 5 , rota¬ 
tion as indicated by the Fig, igs — Rope Bkake. 

arrow gives a reading on 

the balance ecpial to C, --- F — TTj, while if the wheel is turned in 
the other direction, the balance must be placed above the brake- 
arm, and its reading vill be G2 -= F ■{ IFj. From this again 



G, -p G., 


, but in this case, when the brake is used as shown 


in Fig. 194 B, must be added to, not subtracted from, the read¬ 
ing of the balance. In this construction W — o. 

In Fig. 194 C we have what is known as a balanced brake, i.e., 
IFj ~ o, and the brake-zero is then merely the weight IF of what¬ 
ever support there may be on the scale. 
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Fig. 194 D shows a very simple form of strap or band brake in 
which a weight G is placed in a scale box or pan, which weight is 
held floating off the floor by the friction acting on the strap laid over 
the pulley, as shown. The left-hand end of the strap is usually also 
fastened to the floor, but except as a matter of safety or convenience 
this is not necessary. It merely helps to guide the strap and to 
prevent the weights from crashing to the floor should the wheel 

stojj. If the left-hand end is se¬ 
cured, care must be taken to see 
that the frktion alone is able to 
overcome the weight G, that is, 
that there is no tension in the left 
side of the straj>. To make sure 
of this a spring balance B is some¬ 
times inlerjjosed as shown. The 
active force acting in this brake is 
evidently the weight G-f the weight 
of the j)an or box, while tlie brake 
arm is equal to the diameter of the 
wheel + '2 the thickness of strap (W 
ro})e. The scale pan should be 
fastened by means of a stout wire, 
as shown, to prevent the weight 
l)eing pulled over the wheel by 
accident. 

The brakes showm in Figs. 195 
and 196, usually constructed as rope 

Fto. x96.-BANn or Rope Brake, l^rakes, arc modifications of the fun¬ 
damental type of Fig. 194 D. 

145. The Design of Prony Brakes. — The material for the brake 
may be anything that is suflTiciently flexible and strong. For small 
brakes, leather belting, cither directly in contact with the surface 
of the wheel or serving as a holder for a number of narrow wood 
cleats which are in contact with the face of the wheel, is extensively 
used. For medium power brakes, roi)e which is held in place by 
a number of wooden retainers, see Fig. 197, often takes the place of 
leather. For very heavy w^ork, sheet steel may be employed. In 
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such cases the contact pieces arc made of wood and fastened to 
the inside of the steel band, or, as is done in the case of the 150-H.P. 
Sibley College Corliss engine, there is lirst a sheet-steel lining band 
which is in contact with the face of the wheel and takes W* 

all the w'ear. This is next surrounded by a cop];x;r water M 

jacket through which water is circulated to keep the fric¬ 
tion strap cool, and the latter is in turn held to the 
wlieel by the sheet steel band which carries the brake- 
arm, drawing u})-clamps, and acts as the brake-strap 
proper. There are two or three essential points to con¬ 
sider in the design of Trony brakes, — the stresses in the strap, the 
method of kee])ing the brake cool, and the method of lubricating. 

The stresses in the brake-strap may be computed as follow's: 

Let 7 \ represent the greatest tension, 7 \ the least tension, c the 
])ercentage that the arc of contact bears to the wdiole circumference, 
N the normal pressure, F the resistance of the brake, and / the 
coefficient of friction. Then 


Ftg. 1Q7. 
—Mkthod 
OF Holding 
Rope. 


7 \^ F and iV = F f. 


Now' it can be showm that 


^ Number whose log is 2.7288 fr B. 

^ 2 


From which 


and 



( 8 ) 

(9) 


The actual process of designing a brake* is as follows: There 
are given the jxiwer to be absorbed, number of revolutions, diam¬ 
eter and face of the brake-w'heel. In case a special brake-wheel 
is to be designed, the area of bearing surface is to be taken so 
that the number obtained by multiplying the w'idth w of the brake 
in inches by the velocity v of the periphery of the wheel in feet 

♦ See Engine and Boiler Trials/' by R. H, Thurston, pages 260 to 282; also 
“Fridion and Lubrication/’ 
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I>er minute, divided by the horse power H, shall not exceed goo to 
looo. Call this result K. Then 

ir = ~- (lo) 

400 to 500 h considered a good average value of K. 

The value of the coefficient of friction / should be taken as the 
lowest value for the surfaces in contact (see table of coefficient 
of frictibn in Apjjendix), This coefficient is about 0.2 for wood 
or leather on metal, and about 0.15 for metal on metal. 

Let H be the work to be transmitted in horse power, n the number 
of revolutions of the brake-wheel, D its diameter. Then the resistance 
F of the brake must be 

„ ^^,000 JI . . 

— (ii) 

r.Dn 

The arc of contact is known or assumed, and may be expressed as 
convenient in circular measure 0, degrees a, or in percentage of 
the whole circumference c. 

Example, — Assume the arc of contact as 180 degrees {c « 0*5), the diameter 
of brake-wheel 4 feet, coefficient of friction (/ 0.15), face of brake-wheel 

10 inches, revolutions 90, horse power 70. Find the safe dimensions of tlv' 
brake-strap and working parts of the brake. 

From page 281 

B «= 10^ « iqo 

That is, B equals the number whose logarithm is 0.2046; or, 

B - 1.602. 

Since the brake-wheel is 4 feet in diameter and revolves at 90 revolutions 
per minute, we get from Eq. (ii) 

(33,000) (70) , 

I ^ ^ 2043 pounds. 

(tt) (4) (qo) 

Taking B as above, and substituting in equations (8) and (9), we have 



N « * 13,620. 


From the value of Ji, the maximum tension, we next compute the required 
area of the brake-straps, assuming a safe working stress for the material used. 
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If the latter is steel, we may assume a stress of 10,000 lbs. per sq. inch, in which 
case 

Section of brake-straps « 5436 10,000 » 0.55 square inch. 

The assumed width of brake-wheel is 10 inches; this gives for the value of 
JT, by equation (10), page 282. 

K - (jo) (1132) 4* 70 «= 162; alow value. 


If it is proposed in this brake to use 3 straps, each 2 inches wide, the thick¬ 
ness will be r ^ r. 

0,55 6 == 0.091 inch. 


146. Cooling and Lubricating a Prony Brake. — Water is the 
usual agent for keeping a Prony brake cool. It may be used either 
inside of the flanged rim of the brake-wheel, or in special forms of 
brakes it may be circulated through jackets surrounding the strap. 
In case the rim of the wheel is flanged on the inside, it may in some 
cases be sufficient simply to throw some water into the rim from 
time to time, producing the cooling action by evaporation, but 
where the power taken off is considerable it is better to arrange 
a method for supplying water to the rim and for scooping it out 
continuously, thus ])roducing a constant circulation. 

Concerning lubrication, it is better to use a constant quantity 
of oil or grease than to use either intermittently, because with inter¬ 
mittent supply the adjustment is disturlicd every time the strap is 
oiled or greased. It should also be remem¬ 
bered in this connection, when supplying 
water for cooling i)urposes, that water will 
act as a lubricant if it is accidentally thrown 
under the strap, and will momentarily de¬ 
stroy the adjustment of the brake. 

147. Other Forms of Friction Brakes: Self¬ 
regulating Brakes. — Brakes with automatic 
regulating devices are sometimes made; in 
this case the direction of motion of the wheel 

must be such as to lift the brake-arm. If *98. Self-regu- 
,, . . Ill • LATINO Brake. 

the tension is too great the brake-arm rises 

a short distance, and this motion is made to operate a regulating 

device of some sort, lessening the tension on the brake-strap; if 

the tension is not great enough, the brake-beam falls, producing 

the opposite effect. A very simple form of self-regulating brake 
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is shown in Fig. 198; in this case the arm is maintained at an 
angle with the horizontal. U the friction becomes too great, the 
weight G rises, and the arm of the brake swings from A to E, thus 
increasing the lever-arm from BC to LC ; if the friction diminishes, 
the lever-arm is correspondingly diminished, thus tending to main¬ 
tain the brake in equilibrium. 

Another form of scIf-reguIating brake is shown in Fig. 199. 
If this brake is to be constantly loaded with the weight P, it is 
adjusted at A until P floats and until all the slack has just been 
taken out of the string Now if the friction should momentarily 
increase, the weight P will rise, but this causes ^ to exert a pull 
at A'. This extends the spring S and separates the brake levers. 



Fig. igg.—S eip-eegoiating Brake. 

A decrease in the friction causes P to drop, which allows the spring 
to again exe't its full force and tightens the brake. 

A number of various forms of automatic I’rony brake may be 
found described in technical literature, but they are little used 
because in laboratory practice or for testing floors other more con¬ 
venient forms, like the magnetic brake, have been invented, while 
in practice a single application of a brake would hardly warrant 
the cost of construction of a comjflicated form. 

148. Alden Brake. — The Alden brake (see Figs. 200-203) is an 
absorption dynamometer in which the rul)bing surfaces pr^ucing 
the friction are separated by a film of oil, and the heat is absorbed 
by water under pressure. It is constructed by fastening a disk of 
cast iron, A, Fig. 200, to the power-shaft5 this disk revolves be¬ 
tween two sheets of thin copper E E, joined at their outer edges, 
from which it is separated by a bath of oil. Outside the copper 
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sheets on either side is a chamber which is connected with the 
water supply at G. The water is received at G and discharged at 
H, maintaining a moderate temj^rature. Any pressure in the 
chamber causes the copper disks to press against the revolving plate, 
producing friction which tends to turn the copper disks. As these 
are rigidly connected to the outside cast-iron casing and brake- 
arm P, the turning effect can be balanced and measured the same 
as in the ordinary Prony brake. The pressure of water is auto- 
raalicaliy regulated by a valve V, Figs. 201, 202 and 203, which 



Figs. 200-203. — Aijoen Bkake. 

is partially closed if the brake-arm rises alx>ve the hori2»ntal, and 
is partially opened if it falls below; with a constant head this brake 
gives exceedingly close regulation. 

Fig. 204 * shows the construction of the Alden brake more clearly 
than the more or less conventional sketch in Fig. 200. Here plates 
A A are the movable cast-iron disks, on each side of which are 
located the copper plates B B, The spaces between A and B 
are, as before, filled with oil, while the cooling water, entering 
through D and leaving through E, circulates through the spaces 
C C. This is one of the 400-H.P. brakes used in connection with 

• Trans. A. S. M. E., Vol. 25, p. 861. 
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the locomotive-tebtmg plant at Columbia Univcrbitj. The method 
of determining the tendency to rotation of the case is shown in 
the conventional sketch of the lever system in Fig. 205. 

149. Brakes employing the Friction of Liquids. — Brakes have 
been constructed in which the friction of liriuids has been substituted 
for the friction of solids. There are two distinct designs. In the 



one a revolving member, notched or corrugated, disk, drum, or 
wheel is made to throw water against the similarly sliaped inner 
surface of the case in which it runs. The resistance is produced 
by friction and impact and the })Owt*r is converted into heat which 
may heat the water to boiling. In most cases, however, enough 
water may be circulated to prevent this. The outer casing is free 
to turn about Us shaft, and the power cleliv^ercd may be* determined 
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by measuring the tendency to turn just as in a Prony brake. The 
brake used by the Westinghouse Machine Company for testing its 
steam turbines is of this type. Figs. 206 and 207, reproduced from 
Power, June 30, 1908, show the general features. The rotor, pro¬ 
vided with projecting ridges, as shown, has internal and external 
flanges. Water is supplied through a fimnel to the interior of the 
rotor and Is thrown outward by centrifugal force. It flows through 
holes bored in the projections to the outside of the rotor and strikes 
the ridges on tlie inner surface of the casing, producing resistance 
as above described. 

Such brakes are very ix)wcrful, but subject to very rapid wear. 
A rotor about twenty-two inches in diameter and eight inch face 



Fig. 205.—Levi-r Systi.m Aidin Brake Locomotivl-Testing Plant, 

CoLl'MBIA UnIVERSITV. 

will absorb about 2000 H.P. at 3600 R.P.M. The power varies ap- 
[)roximalcIy as the cube of the peripheral vekxrity. For a discussion 
of the wear encountered, see the above-mentioned article in Power. 

The second type of liquid friction lirakes is adapted only for 
high s})ceds, and differs from the former in that smooth disks, usually 
without any projections whatever, are used in place of corrugated 
or notched disks and drums. The inside of the case is usually 
also left smooth, although not machine finished. When water is 
supplied to the case and fills it up so that the lower edge of the 
rajiidly revolving disks commences to cut through it, the water is 
set in motion, following the disks around, and soon will be formed 
into rings w'hich travel around with the edge of the disks but at a 
somewhat slower rate. The friction produced between w'ater and 
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disk on the one hand and water and casing on the other tends to 
rotate the casing, which tendency is measured as before. 

A brake of this type, designed by Professor Slurapf, is shown in 
Figs. 208 and 209.* This was used to test a 2000-H.]’. turbine at 
from 1200 to 3400 R.P.M., a series of disks of different diameters 
being used. The disk shown in the picture has a diameter of 
100 cm. (3.28 ft.). In other designs of this brake the number of 
disks was greater and the brake was supported on both sides, 
which would tend to quieter of)eration. 

In either type of liquid friction brake, the power output may be 



Figs. 206 - 20 ^, —Wfstinohousi: I‘'rictxon Brake, 


easily controlled by mean.s of regulating the water supply, and the 
operation of these brakes has proven ver\ satisfactory. 

150. Other Forms of Brakes: Pump Brakes. — A rotary pump 
which delivers water through an orifice that can be tlirottled or 
enlarged at will has been used with success for absorbing [lOwer. 

If the casing of the pump is mounted so as to be free to revolve, 
it can be held stationary by a weighted arm, and the absorbed 
power measured, as in the case of the Prony brake. If the casing 
of the pump is stationary, the work done can be measured by the 
weight of water discharged multiplied by the height due to the 
greatest velocity of its particles multiplied by a coefficient to be 
determined by trial. 

• F. Rotscher in the Zeitschrift Vercins dcutscher Ingenieure, April 20, iqoy. 
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A special form of the pump-brake, with casing mountc*d so that 
it is free to revolve, has been used with success on the Owens College 
experimental engine by Osborne Reynolds. In this case the brake 
is practically an inverted turbine, the wheel delivering water to 
the guides so as to produce the maximum resistance. The water 
forced through the guides at one point is discharged so as to oppose 
the motion of the wheel at another point. 

151. Fan-brakes. — A fan or wheel with vanes revolved in water, 
oil, or air will absorb })ower, and in many instances forms a con¬ 
venient absoq)t ion-dynamometer. 



The resistance that may be obtained from a fan-brake is ex¬ 
pressed by the formula r-a 

RI-IKDA'--^- (12) 

in which Rl erjuals the moment of resistance; V tlie velocity in feet 
])er second of the center of vane; A the area of the vane in square 
feet; I equals the distance from center of vane to axis in feet; 
]) the weight per cubic foot of fluid in which the vane moves. K 
is a coefficient, found by experiment by Poncelet to have for air the 
value /~r 

„ , 1.6244 V A , 

K = 1.254 -I-—> (13) 


in which s is the distance in feet from the center of the entire vane 
to the center of that half nearest the axis. When the vanes are set 
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at an angle i with the direction of motion the value for Rl must be 
multiplied by 

2 sin^ i 
I + sin^f 

152. Electro-magnetic Brake. — If a metal disk or wheel is made 
to cut the field of an electro-magnet, it will experience a certain 
resistance which may be utilized to put machines under load. 
For this purjiose two of these magnets are fastened to a yoke w'hich 
fits over the brake wheel, as shown in Fig. 210. The resistance 
or drag encountered tends to revolve the yoke about the center 



Ftg. 210.—Typl of Kllc rsoMAt^NLne Brake, 


of the wheel and its force may be measured liy holding the yoke 
stationary. The method of computing the jxiwcr is otherwise the 
same as for the Prony brake. 

Figs. 211 and 212 show a somewhat more complicated commer¬ 
cial form of this type of brake.* Here a number of electro-mag¬ 
nets a are so held in an aluminum spider c, which is free to turn 
about the shaft, that the magnetic lines arc forced to pass through 
two copper disks d, driven by the prime mover. The tendency of 

* A, Heller in the Z. d. V. D L, Oct, 5, 1907. 
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the spider to turn is measured by balancing it by means of weights 
along the arm 6. 

It will be noted that in these brakes all of the power measured 



Figs Ei,Ernto-MACNt;Tic Bkake. 



Fk. ai 3 .~Ei.i,CTRic Generator ABsoRrnoN Dynamometer. 


is destroyed in eddy currents, ap])caring finally in the form of heat. 
The increase of temperature in the parts concerned changes the 
electrical resistance, lowering the capacity, and makes it necessary 
to stay below a certain temperature to prevent injury. There is 













EXPERIMENTAL ENGINEERING 


agi 

no good way to keep such a brake cool. On the oilier hand, the 
{K>\ver output may be easily regulated by varying the resistance 
in the circuit, and the first form at least may be so built as to be 
quickly adjusted to different sizes of llywhecl. 

A fundamentally similar form of magnetic brake, used where 
the s|)eed variation of the prime mover is not very great, is that 
illustrated in Fig. 213.* Here the prime mover drives the armature 
of the generator, whose output is best regulated by a water rheostat. 
The field housing of the generator is carried by ball bearings wfoich 
surround the armature bearings. The reaction between armature 
and field tends to turn the housing in a direction o])])osile to that in 
which the armature turns. This tendency is counterbalanced as 
shown. The computation of {wwer is the same as for the Prony 
brake. 

153. Traction Dynamometers. — Dynamometers for simple trac¬ 
tion or pulling are usually constructed as in Fig. 214. Pull is 

applied at the two ends of tht‘ spring, 
which rotates a hand in jiroportion to 
the force exerted. 

Recording Traction Dynamometers. 
— These are constructed in various 
forms. Fig. 215 shows a simple form, 
designed by C. IM. (Jiddings. Paper 
is placed on the reel A. which is op¬ 
erated by clockwork; a pencil is con¬ 
nected at K to the hand, and this dra^vs a diagram, as shown in 
Fig. 216, the ordinates of which represent pounds of pull, the 
abscissae the time. The drum may also b(* arranged to be operated 
by a wheel in contact with the ground; then the abscis.sa will be 
proportional to the space, and the area of the diagram will rep¬ 
resent work done. 

It should be noted that these instruments are not strictly dyna¬ 
mometers, that is, not strictly measurers of i>()wer unless by some 
means the velocity with which the instrument itself is bodily moved 
through a given distance is also recorded. This may be done by 
an attachment which may be an integral part of the instrument 

* A. Heller, Z. d. V. I). I., Oct. 5, 1907. 



Dynamometer or Sprint; 
Balance. 
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itself, but in many cases the deter¬ 
mination of the velocity factor 
is accomplished entirely indei)end- 
ently. 

154. Transtmssion Dynamom¬ 
eters, General Types,* — Trans¬ 
mission dynamometers are of 
different types, the object in each 
case being to measure the power 
which is received without absorb¬ 
ing any greater portion than is 
necessary to move the dynamom¬ 
eter. They all consist of a set 
of pulleys or gear wheels, so ar¬ 
ranged that they may be placed 
between the prime movers and 
machinery to be driven, while the 
power that is transmitted is gen¬ 
erally measured by the flexure of 
springs or by the tendency to ro¬ 
tate a set of gears, which may be 
resisted )>y a lever. 

155. Morin’s Rotation Dyna¬ 
mometer. — In Morin’s d)'na- 
mometer, which is shown in 
Fig. 217, the ()ower is transmitted 
through springs, FG, which are 
thereby flexed an amount propor¬ 
tional to the load. The flexure 
of the springs is rtxorded on paper 
V by a pencil Z fastened to the 
rim of the wheel E. A second 
pencil is stationary with reference 
to the frame carrying the pa];)er. 
The paper is made to pass under 



♦ See Thurston’s “Engine and Boiler Trials,” p, 264; also Weisbach’s “Meehan' 
Vol, II, pp, 39-^73; also Rankinc’s “Steam-engine,” p, 42. 


Fig. 215. — Recording Traction Dynamometer. 
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the pencil by means of clockwork driven by the shafting, which 
can be engaged or disengaged at any instant by operating a lever. 
The springs arc fastened at one end rigidly to (he main axle, which 
is in communication with the prime mover, and at the other end to 
the rim of the pulley E, which otlierw'ise is free to turn on the 
main shaft. The jx)wer is taken from tl\is last pulley, and the re¬ 
sistance acts to bend the springs as already described. In the 
figure, A is a loose iiulley, B is fixed to the shaft. Power is suji- 
plied through B and taken off through E. 

The autographic reconling ajiparatus of tlie Alorin dynamometer 
consists essentially of a drum, which is rotated by means of a worm 
gear K cut on a .sleeve, which is concentric with the main axis. 
This sleeve slides longitudinally on the axis, and may be engaged 
with or disengaged from the gear train of the frame at any instant 



Fig. 216 . — Record erou Dv.N.vuoMtrtR. 

by means of a lever. When the sleeve is engaged with the gear 
train, the recording ajiparatus is put in motion. The jiencil attached 
^ to the spring will then trace a diagram on the paper w'hose or¬ 
dinates, as measured from a base line drawn by the stationary 
pencil, are proportional to the force transmitted. The rate of 
rotation of the drums carrying the pajier, with respect to the main 
axis, is determined in the same manner as though the gears were 
at rest — by finding the ratios of the radii of the respective wheels. 
Thus the amount of paper which passes off from one drum on to the 
other can be proportioned to the space passed through, so that the 
area of the diagram may be proportional to the work transmitted. 

To find the value of the ordinates in jxiunds the dynamometer 
must be calibrated; this may be done by a dead pull of a given 
weight against the springs, thus obtaining the deflections for a 
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given force; or, better, connect a Prony brake directly to the rim 
of the pulley E, make a scries of runs w^ith different loads on the 
brake, and find the corresponding values of the ordinates of the 
diagram. 

Calihralion of the Morin Dynamometer. — Apparatus. —Speed 
indiiator, dynamometer paper, and Prony brake. 

I. Fasten paper on the receiving drum, wind off enough to 
j)ass over the recording dnim, and fasten llie end securely to the 
winding drum. See that the gears for the autographic apj)aratus 
arc in i>crfect order, and that both pencils give legible lines. Adjust 



the ])encil lived to the frame of the clockwork so that it will draw 
the same line as the movable ])encil when no load is a])plied. 

2. With the recording apparatus out of gear api)ly the ]x>w'er. 
Take a diagram wu’th no load. This will show' the friction w'ork 
of the dynamometer. 

3. Apply }X)wer and load, take diagrams at intervals; these will 
represent the total w’ork done. This, less the friction work, will be 
the {X)w'er transmitted. The line traced by the pencil affixed to the 
frame of the clockwork is in all ca.ses to be considered the zero 
line, or line of no work. 

4. To calibrate the dynamometer, attach a Prony brake to the 
same shaft and absorb the work transmitted. This transmitted 
work must equal that shown by the Prony brake. 
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5. Draw a calibration curve, Avith pounds on the brake-arm 
reduced to an equivalent amount acting at a distance equal to 
the radius of the driving pulley of the dynamometer, as abscissa;, 
and with the ordinates of the diagrams as oniinatcs. Work up the 
equation of this curve. 

6. In report of calibration make record of time, number of 
revolutions, brake-arm, equivalent brake-load for arm equal to 
radius of dymamometer }mlley, length of ordinate, scale of ordinate. 
Describe the apparatus. 

7. In using the dynamometer, insert it between the prime mover 
and resistance to be measured. Determine the jxjwer transmitted 
from the calibration. 

Form of Report. —The following fornr is useful in calibrating 
this dynamometer: 

CALIBRATION OF MORIN DYNAMOMETER. 


Kind of brake us(mI. 


length brak('~ann , ... 

.ft. 

Weight of brake-arm. 

,lbs. 

Zero reatling t)f staler. 

. . . llis. 

Radius of driving pulley... . 

.£1. 

Obscrv('r>... . . . 


Date. 

. .iSg.. 





Revolutiotia per Minute 

KfTertive 

Equivalent 
Load on 

Dn VI ng 

PuLev, lb*-. 

1 Ordinate. Inches. 

Bnike 
H. P. 

No. 

Vv 

^uwn 

Mean 

Brake¬ 
load, ib.’t 

Up 

Down 

Mean. 






i 


1 

1 


i 


Remark-,; I'.qudUon of Curve, 


. .. . 

156. steelyard Dynamometer. - - In this dynamometer, Fig. 218, 
the pressure Z on the axle of a revolving shaft is determined by 
.shifting the weight G on the graduated scale-beam AC. 

The power is applied at P, putting in motion the train of gear¬ 
wheels, and is delivered at Q. 

Denote the applied force by P, the delivered force by Q, the 
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radius KM by a, KE by r, LF by fj, NL by b, the force existing 
at E by R, that at F by R^, 

We shall have 

Rr ~ Pa, also R/^=^ Qb. 

But 

RiED) == R,(FD)', 
and since ED = FD, 

R - R^. 

The resultant force Z = R + R^ === 2 R. 

.■.R~i Z; P I Zf - a; (14) - I - b. (15) 



Fig. 218 —Stcelyard Dynamometee. 


If we know the number of revolutions, the space passed through 
by each force can be readily calculated, and the work found by 
taking the product of the force into the space passed through. 

Consuieration of Friction. —The friction of the axle and gear- 
teeth will increase the force R and decrease the force R^. Let n 
be the experimental coefficient expressing this friction. Then 

P ^ \ {i + n) Zr -r- a; 

Q i (1 - - b] 

_ Par, - Qbr 

^ ■ Par^^ Qbr' 

157. Pillow-block Dynamometer. — The pillow-block dynamom¬ 
eter operates on the same principle as the steelyard dynamometer, 
but no intermediate wheel is used. This dynamometer, shown in 
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Fig. 219, consists of the fixed shaft L, which is rotated by the power 
Q applied at N. The power rotates the gear-wheel EL, which com¬ 
municates motion to the wheel KE on the 
same shaft with the wheel KM. This 
shaft is supported on a pair of weighing 
scales so that the force Z acting on 
the bearing can be weighed. Let P 
equal the force delivered, let a equal 
the angle this force makes with the 
horizontal, KM equal a and KE equal 
r, G equal the weight of shaft and wheel 
at K. Taking wheel KE as a free 
body and placing the summation of vertical forces - o, we have 

Z = G + P sin a + - G -I P sin n 4 - P 

r 

= G -t- P ^sin “ + “j 
Z ~G 



From which 


P = 


When the belt is horizontal. 


sm a + - 

r 


a • = o and P ~ (Z — C)-- 


(16) 


(17) 


158. The Lewis Dynamometer.* — This tran.sraission dynamom¬ 
eter is a modified form of the pillow-block dynamometer, arranged 
in such manner that the friction of the gearing or journals will 
not affect the reading on the weighing scales. This machine is 
shown in Fig. 220, and also in Fig. 239, .\rtielc 169, jtage 319. 
The dynamometer consists of two gear-wheels A and C, whose 
pitch-circles are tangent at B; the gear-wheel A is carried by the 
fixed frame T, the wheel C is carried on the lever BD; the lever BD 
is connected to the fixed frame 7 ’ by a thin steel fulcrum, as used 
in the Emery testing-machines (Fig. 58, page 81). The point 
D, the center of wheel C, and the fulcrum B are in the same right 
line. The fulcrum permits vertical motion only of the point D. 
The point D rests on a pillar, which in turn is supported by a pair 

* See Vol. VII, p. *76, Trans. Am. Society Mechanical Engineers. 
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of scales. The shaft leading from the wheel C is furnished with a 
universal joint (see Fig. 239), so that its weight does not affect 
that on the journal C. In Fig. 220, A is the driving and C the 
driven wheel, the force to be measured being received on a pulley 
on the shaft a, transmitted through the dynamometer, and delivered 
from a pulley on the shaft c. From this construction it follows 
that no matter how great the friction on the journals of the shaft c, 
there will be no pressure at the j)oint D except what results from 
torsion of the shaft c. This wdll be readily seen by considering: 
I. That any downward force acting at B will be resisted by the 
fixed frame T, and wn ‘11 not increase the pressure at D. 2. A 



downward force acting on the lever between B and I) will produce 
a pressure proportional to its distance from B. 3. Jf the driven 
wheel C were firmly clamped to its su])port, no lorce acting at B 
would change the }>ressure at 1 ); and since journal friction would 
have the effect of j)artially clamping the wheel to the journal c, 
it would have no effect on the scale reading at D. 

Denote the transmitted torsional force by Z; the radius of the 
driven pulley by r; the length of lever BD by a; the scale reading 
at D by W. Then from equality of moments 

Wa -Zr. Z- —• (18) 

r 

The effective lever-arm BD is to be obtained exjteri men tally 
as follows: Disconnect the universal joint, shown in Fig. 239, so 
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as to leave the wheel C free to turn; block the driving pulley A; 
fasten a horizontal arm ef (dotted lines, Fig. 220) to the shaft r, 
parallel to the line DB and carrying a weight G; balance the scales 
in this position, then move the weight out on the lever until the 
reading of the scales is increased an amount e(]ual to the weight 
moved. The distance moved by the weight will equal the length 
of the lever DB. 

Thus let ef, shown in dotted lines, represent the lever clamped to 
the axis c; let e represent the first jiosition of the weight G, and / the 
second position; let W and IT'represent the corresponding weights 
above the reading of the scale balanced without G on the lever ef. 

Then we have /^r. 


IT + G - W'- 


Gm. 

DB 


Hence 


Then will 


G - 


If 

DB 

DB 


G 


DB ~ DB 


-- ef- 


A 


159. The Differential Dynamometer. — T’his is often called the 
Bachelder, Francis, or Webber dynamometer; it was invented by 

Samuel White, of Eng- 
lanil, in 1780, and brought 
to this country by Mr. 
Bachelder in 1836. 

The dynamometer jxir- 
tion consists of four bevel 
gears, shown in plan in 
Fig. 221. 

Power is applied to the 
pulley M, which carries 
the bevel-wheel EE^\ the 
resistance is overcome by 
the pulley N, which car¬ 
ries the bevei-wheel FF,. Both wheeLs run loosely upon the fixed 
shaft XX^, and are connected by the wheels EF and E^F^. By the 



Fig. 221 , 


Gearing or Differential 
Dynamometer. 




t 
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action of the force P and the resistance Q, the pressure of the wheels 
and FF\ is downward at E and F, and upward at and Pj, tend¬ 

ing to swing the lever GG^ around the axis XA’j one half as fast as 
the speed of the pulley M. The weight which holds the lever-arm 
stationary, multiplied by the space it would }>ass through if free to 
move, is the measure of the work of the force P. A dashpot Is 
usually attached to the lever GGj at G’,, to lessen vibrations and 
act as a counterbalance. Let Z equal the vertical forces acting at 
£ and R the vertical pressure between the teeth at each point 
of contact; b the distance of B and B^ from the center C; a the 
distance AC to the weight G. 

Then wc have evidently 


also 


2 Z 4 R, or Z ~ 2 R’y 
G(i 2 Zb -4 Rb. 


If a* is the radius of the driving pulley M, and r the radius of 
each bevel gear, 


Pa'^2Rr, or P- — 

a 


- 2 . 
2 b a' 


(19) 


If friction is considered. 


P 


r , .Gra . . 
(i 4 (20) 

2 ba 


The mechanical work received 
is equal to P multiplied by the 
space passefl through by the 
point of application of P in the 
given time. 

This instrument has been im¬ 
proved by Mr. S. Webber, as 
showm in Fig. 222. 

These dynamometers are used 
in substantially the same way as 222.-Webber Dy.vAnoMETEE. 

the Morin dynamometers. 

CaUhration of Webber Dynamometer. — i. See that tlie machine 
is well oiled and otherwise in good condition. 
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2. Obtain the constants of tlie machine and apparatus used: 

(a) The brake constants (arm length and brake zero). 

(b) The actual weight of the sliding poise and of each of 

the looo and 2500 ft-lb. weights belonging to the 
machine. 

(c) Measure the arms from the center of the shaft to the first 

notch on the beam, to the last notch, and to the knife- 
edge of the stationary jjoise. 

(d) Place the platform scale (used as the brake scale during 

the runs) under the stationary poise and put the slid¬ 
ing ])oise in the zero notch. (Ipcratc the d>'namometer 
forward and then backward l)y hand at the same rale 
of speed, and determine the reactions on the ■ scale. 
Divide the sum by 2 and the result is the unbalanced 
weight of the demamometer beam concentrated at tlic' 
knife-edge. 

3. From the observations under 2 compute the value in foot 
j)ounds per 100 revolutions of the driving jmlley for eac h kind of 
weight, for the sliding jx)ise in the first and in the last notch on the 
l)eam, and for the unbalanced weight of the l)cam. (Remember 
that while the dynamometer pulley is making joo revolutions the 
dynamometer beam would make only 50.) I''rom the foot-pound 
values compute the “dynamometer reading from machine con¬ 
stants ” (see form below). 

4. Put the machine in operation with the brake off and balance 
the beam. This reading is called the “zero reading by beam” 
(— IFo in form below), 

5. Put brake in place, start the m'achinc, and adjust the first 
load. Observe time of 100 revolutions, brake load, reading of bal¬ 
anced dynamometer beam, and note the number and kind of weights 
u.sed together with the position of the sliding poise. Make the 
same observations for a series of loads up to the capacity of the 
dynamometer. 

6. From the observed quantities fill out the form below. 

7. Draw a calibration curve between ft.-lbs. per 100 revolu¬ 
tions as read off the dynamometer beam and as measured at the 
brake. 
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MECHANICAL LABORATORY, SIBLEY COLLEGE, CORNELL 
UNIVERSITY. 

Calibration of...Differential Dynamometet 

Kind of Brake used. 

J^^ngth of Brake Arm..ft. Weight of Biake Ami...lbs. 

Zero reading of Brake Scales.......lbs. . 

I hile...19.4.. Observers |. 


i 

E 

y. 

Time in Seconds of lOo 
Revolutions. 

Biake Loaii, lbs. 

Work m ft -ll>s. per roo Revolutions 

Brake Horse Power 

Gro?P. 

Net. 

Obtained from 
Brake, 

Dynamometer Readings. 

Error of the 
Dynamometer- 

Ot^erved on 
Dynamom¬ 
eter Beam. 

Calculated 

from 

Machine 

Constants 

Transmitted 
as shown by 
Beam, == Wg 

W't 




ir, -Wt 

D.H.P 

1 

2 

3 

5 

6 

7 

s 

0 

] 0 






















































.... 






1 

1 

1 


t 


i !!*/! 

1 


MACHINE C'CNSTANd'S. 


Loads at Knife-e<lge 

Moment Arm. ft 

Weight, 
lbs. 

Value ft., j 
lbs, per 

TOO Revs 

1000 Weight . 



2500 Weight. 



Dynamometer Beam. 


, , , W 





Sh«hnfi Poise, 
Weight... 11 »s 


Data for Beam. 


Moment 

Arm, 

Feet 


Value, ft. 
lbs. per 
100 Revs, 


T'irst Notch .... 
r.ast Nott'b.. .. 
Increase f>er Noichi 


Zero Rea<ling by Beam. ft.-lbs. 
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i6o. Emerson’s Power Scale. — - One of the most complete trans¬ 
mission dynamometers is shown in Fig. 223, with attached numbers 
showing the dimensions of the various sizes manufactured. In this 
instrument the wheel C is keyed or fastened to the shaft; the wheel 
B is connected with the wheel C near its outer circumference by pro- 



PiG. 223 .—Emerson Power Scaue. 


jectmg studs; the amount of pressure on these studs is conveyed by 

bent levers to a collar sliding on the shaft, which in turn iscon- 
nected with weighmg levers. Small weights are read off from the 
scale and larger ones by the weights in the scale pan N. A dash- 
pot 5 IS used to prevent sudden fluctuations of the weighing lever. 
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The apparatus can be easily calibrated by mounting a Prony 
brake wheel on the shaft and comparing the jxjwer output readings 
obtained with the scale 
readings of the instru¬ 
ment; or a known torque 
may be applied to pulley 
C while the shaft is held 
stationary. 

161. The Van Winkle 
Power Meter. —I'he Van 
Winkle power meter is 
shown complete in Fig. 

224, and with its parts 
separated in Fig. 225. It 
consists of a sleeve with 
attached plate, B, that can 
be fastened rigidly to the 
shaft, and a plate A , which 
is revolved by the force communicated through the sjwings SS. The 
angular motion of the plate A with reference to B will vary with 
the force transmitted. This angular motion is utilized to operate 




levers and move a loose sleeve longitudinally on the shaft. The 
amount of motion of the sleeve, which is proportional to tlie force 
tran.smittcd, is indicated by a hand moving over a graduated dial. 
The dial is graduated to show horse jtow'er per 100 revolutions. 
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162. Belt Dynamometers. — Belts have been used in some in¬ 
stances instead of gearing in transmission dynamometers, but 
because of the great loss of power due to stiffness of the belts, and 
on account of the uncertainty caused by slipping, they have not been 

extensively used. The following form, 
from Church’s “ Afechanics of Mate¬ 
rials,” is probably as successful as any 
that has been devised. It consists of a 
vertical plate, carrying four pulleys and 
a scale pan, as shown in Fig. 226. T'he 
scale beam is balanced, the belt then 
adjusted, and power turned on; a suffi¬ 
cient weight. G, is jdaced in the scale 
pan to balance the plate again. Let h 
be the arm of the scale pan, and a that of the forces F and F'. 
Then, for eciuilibrium, 

Gb Fa - P'a, (20) 

since P and P' on the right have no leverage about C, as the line 
of the belts produced is made to intersect C. From (20) 



Fig. 2ib —Bfit Transmission 

DyN \M 0M£TER. 


P - F' 


Gb^ 

a 


(21) 


The work transmitted in fool-ix)unds per minute is ecjual to 
(P _ p') <1,^ in which v is the velocity of the belt in feet per minute 
to be obtained b> coimting. Another form emplovs two quarter- 
twist belts to revolve a shaft at right angles to the main shaft. (See 
Vol. XII, Transactions Am. Soc. Mechanical Engineers.) 

163. The Durand Dynamometer. —This is a spa ial form of belt 
dynamometer designed by Prof. W. F. Jiiurand and used by him 
in screw propeller investigations. It is described in Vol. XXVIII of 
the Transactions of the American Society of Mechanical Engineers. 
The following description and the Olustrations are reproduced here 
from that article: 

A and B, Fig. 227, are two sprocket wheels mounted on a frame XY 
which is carried at E by a steel spring supjwrt, after the manner of 
the well-known Emery steel-})late knife-edge. This is frictionless, 
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and for small movements of the frame the bending stress developed 
is infinitely small in comparison with the other forces in play. As 
shown at 55 , the frame carries semicircular plates of steel fitted 
with a slot, either end of which engages with a ])in as the frame 
oscillates through its permitted range of rtiotion of about one-fourth 
inch at a distance of ten inches from the center of support. This 
permits perfect freedom of motion within this range, but prevents 



movement beyond to such an extent a.s to develop any sensible forces 
within the steel spring supjxjrts. 

The sprockets C and D are similar in form and size to A and 
B and are mounted on standards attacheti to the base. All sjirockets 
are mounted on ball bearings in order to reduce friction to the 
minimum. Around these wheels is led a chain, the dimensions 
being so adjusted that with the ])n)pcr length of spring for bearing 
at E the chain tliroughout its length will run with the proper amount 
of slack for smooth and steady operation. 
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The similarity between this form of dynamometer and the Tatham 
form will be readily noted. The present type may, in effect, be 
considered as a development of the six-equal-wheel form by the 
I, elimination of the two 

_r-n lower wheels and the sub- 

• I 

stitution of chain for belt 

ii- The shafts which carry 

^ _ ^]-the sprockets C and D arc 

I ' ^ extended, carrying pulley 

i i wheels atjPandG,Fig. 228, 

and also universal joint 
P n 1 L r 1 couj)Iings for direct con- 

—L-~. 3 —□ ncclion to a driver or fol¬ 

lower. I'he ix)wer can be 
Q. ]>ut in at C and taken out 

at D or vke versa, and on 
cither side of the dyna- 
n raometer as desired. If 

the ])ower passes through 
from C to D, and C turns 

G_ r I J-T_ f ]_ _ as indicated by the arroM', 

- - 3 — ^ ^ it is readily seen that the 

/ tight sirle of the chain will 

^ he from II around through 

: 'B r- //A'Lvl/,and the loose side 

‘ f from M through NP to (). 

_-js Thus III and KL will be 

—I—'■'-^ under the higher or driv- 

Fl&. 228. — DvRANO DYNAMOMETFR • „ 't-. I 

mg tension 7 j, equal on 
both sides except for the small friction of the ball bearmg on which 
B turns. Likewise, MN and PQ will be under the loose or following 
tension the same on Ixilh sides except for the friction of the ball 
bearing on which A runs. 

Disregarding these small frictional resistances, the two tensions 
Tj will have the resultant 2 Cos 0 dirtxted along the line OjL, 
while the tvm tensions will have the resultant 2T. Cos d directed 


Fig. 228 .— Durand Dynamometfr 
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along OM. The comfx)nents of these forces perpendicular to the 
line OOj will be in each case 2 7 ’, Cos* 0 and 2 Cos* 0 . Denoting 
the distance O^E by a, we have for the net turning moment about E 

Mj--- 2 a (r,- r,) Cos*6». 

Again denoting by r the pitch-line radius of the sprockets, we 
have for the power taken off at D, the turning moment, 


Hence 

and 


r,). 


M. 




work j)cr min. 


* 2 a Cos* 0 

,, ntiM.r 
2 nnM -■=- —J--' 

* a Cos* 0 


(22) 


Obviously the two tensions T, on the right, acting against the 
two tensions 7 \ on the left, will determine a moment tending to 
depress the end T of a lever attached to the frame XF. If we 
denote ET b)’ h and the force at T required to balance the moment 
l)y F, we shall have 

. 1 /,= Fh, 


or 


, . TtnFrh 

work per min. —-—— • 

a Cos* 0 


(23) 


By careful measurement of the dimensions of the d}7iamometer 
the relation between the jx)wer transmitted and the ob.servcd values 
of n and F can be determined. As in all cases involving the use 
of such apparatus, however, it will be more satisfactory to calibrate 
directly by mounting a friction brake on a belt wheel attacheti to 
the delivery shaft and noting the relation between brake readings 
and the values of the force F. Such a calibration will, of course, 
serve to eliminate all friction between the {xjints of intake ami 
delivery, or in the dynamometer it.self, and will thus serve to relate 
correctly the force records as measured by F with the actual power 
delivered. 

164. Torsion Dynamometers. — Wien jxiwer is being trans¬ 
mitted through a shaft, the latter will undergo a certain twisting 
action, the magnitude of the total angle of torsion depending upon 
the amount of power transmitted, the diameter and length of the 
shaft, and the quality of the material. Where the amount of power 
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transmitted is considerable, as in the case of marine engines, dyna¬ 
mometric measurements on the shaft itself have often been made to 
determine the developed horse f)Owcr it carries. In such rases the 
measurement reduces itself to the determination of the angle of 
torsion and of the rotative speed. On the other hand, when the 
power transmitted is smaller, as in ordinary line shafting, the shaft 
is often broken, and springs or other more or less fle.Kible members 
are then inserted, connecting the ends of the shafting, and from the 



relat've angular displacement of the two shafts the pow'er tran.s- 
mitted may then be computed. Of this t)]ie are the Morin dyna- 
moraeier, described in Art. 155, while the Emerson jKnver scale and 
the \’an Winkle jjower meter operate in a similar way. 

The measurement of the angular displacement ma) be made in 
a variet}' of ways, although the method of determining it by finding 
the relative displacement of two commutator segments, one on each 
shaft, by electrical means, is perhaps most often used. A true 
torsion dynamometer is the Kenerson, described in the Journal of 
the Am. Soc. of Mech. Eng’rs for May, upg. 

Figs. 229, 230, and 231 * show its construction. A and B are two 


* Reprodmed from the journal mentioned. 
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flange couplings rigidly fastened to their shafts, but only loosely 
connected to each other by stud l)olts The holes for C in A 
are so large that Ixdts C take no part in the transmitting jK)wer. 
B carries four latches L which ])ivot freely alwut E. Projectmg 
fingers on each latch L surround studs F fastened to the circum¬ 
ference of A. It must be evident that no matter whether A or 
B is the driver, any attempt to transmit power will turn the latches 
L about K. This movement, however, is resisted by knife-edges 




on L coming in contact with the pressure plate G, which action 
tends to force the latter to the left. The pressure thus exerted is 
a measure of the jK)W'er transmitted, and the problem then reduces 
to the determination of this axial thrust. The stationary ring 5 is 
on one side held against the ball thrust bearing (), while it receives 
the thrust of G through another ball bearing on the other side. In 
this ring S is cut an annular cavity co\cred by a thin flexible dia¬ 
phragm D, Fig. 231. .Against this diaphragm the slightly cham¬ 
fered edge of the ball race M presses, thus transferring the thrust 
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to the liquid, oil in this case, contained in the ring cavity. The 
pressure may then be measured by Bourdon gauge or other means. 
The mslrumcnt is very easily calibrated by comparing gauge pres¬ 
sures with moments ai)plied to the flange A. The construction is 
very compact. The movement of the diaphragm is very small, 
so that at e(juilibrium of the gauge there is no fluid friction. The 
gauge readings of course must in any case be corrected for static 
head if the gauge is placed above or below the coupl ng itself. 

The interest in torsion meters a])[)lied to solid shafting has of 
late years been revived on account of the desire to determine the 
jxtwer developed by steam turbines. The latter cannot be indicated 
like a reciprocating steam engine. Torsion meters for this service 
may be classified as electrical or mechanical, de|>ending ujwn the 
method used to record the angle of torsion. In the case of a steam 
turbine operating against a constant load it is usually sufficient 
to determine the torsion angle 0 at one jx)int in the circumference 
of the shaft. It has been assumed that this could be done also for 
marine steam turbines in making torsion measurements, but P'ot- 
tinger* has probably conclusively shown that the assumption is 
not justified on account of the varying resistance offered by the 
propeller. For that reason, measurements at several f)r)ints around 
a circumference must be made to determine an average value of 0, 
just as must be done in the rase of rcci{)rocating engines, whether 
on land or sea. 

If the average angle of torsion d be expressed in degrees, the horse 
power transmitted by a solid shaft will be 


and for a hollow shaft 


H.P.- 


CL 


H.P. 


0{d: - d:)n 


CL 




(24) 

( 35 ) 


w^here d, == external diameter of the shaft, in inches. 
d( = internal diameter of hollow shaft, in inches. 

» - revolutions per mb. 

L = length of shaft, m bches. 

C - 3.27 (taking the modulus of rigidity = 11,250,000). 

* Zeitechrift des Verein.s deutscher Ingetiieure, June 6, igo8. 
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If the shaft has couplings, subtract their axial length in deter¬ 
mining L, on the assumption that they will not twist. 

As an examine of the electrical method of measuring 0 , the Denny 
and Johnson torsion meter* may be cited. Fig. 232 gives.a con¬ 
ventional sketch illustrating the principle upon whfch this instru 
ment operates. For a detailed description of the latest form the 
reader is rcferrtxl to the article cited below. Two disks a and b 
are fastened to the shaft so that the distance between them is as 
large as {^xissiblc. Eac!) disk carries a permanent, chisel-jwinled 
magnet, indicated by c and d. Once every turn these magnets pass 
over electromagnets e and /, inducing a current in their windings. 
If these current impulses are 
simultaneous, they will neu¬ 
tralize each other and no 
sound will he heard in the 
tele])hone receiver g. When 
the shaft is revolving under 
no load, the two magnets 
will pass over the point e and 
the adjustable i>oint /, so 
that a straight line joining 
these points is }>arallel to the 
axis of the shaft, that is, the shaft is under no tor(}ue, except the 
inappreciable amount of torsion due to friction in the bearings. It 
now the shaft is put under load, the relative positions of c and d 
shift; the current impulses are no longer simultaneous and distinct 
clicks may be heard in g. By turning /?, thus shifting the fwint/, 
the sounds may again be made to neutralize each other, and the 
amount that / had to be moved by the micrometer screw' to repro¬ 
duce this condition is a measure of the angle of torque. Later 
forms of this instrument are so modified that both the receiver and 
the indicator may be placed in any quiet place at considerable dis¬ 
tances from die shaft under investigation, and provision is also made 
that several sets of magnets may be placed around the circumfer¬ 
ence of the shaft, thus determining the variation of torque. 

An entirely mechanical form of torsion meter, which however 

• Transactions of the Institution of Naval Architects, 1907. 



Fig. 


232. 


-PKiNciPct OF Dkvnv and John¬ 
son Torsion Meter. 
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takes a continuous record of ihe variation of the angle of torsion, 
is the Fottinger torsion meter,* shown in the conventional sketch. 
Fig. 233. In this construction a disk, marked No. i, is carried by a 
piece of tubing, which is concentric with the shaft and fastened 
rigidly to the shaft at the opposite end. Another disk, No. 2, is 
fastened in close j)roximity to the first disk. Any torsion in the 
shaft will cause a relative displacement of the two disks, and this 

disj)laceraent is com¬ 
municated to an arm 
carrying a pencil by 
the linkage shown. 
The pencil makes a 
record on a drum, 
which consists of a 

Fig. ^33-—Fottingkr Torsion Metre. piece of tul>ing sur¬ 

rounding the shaft 

and which may be moved in an axial direction along a guide. The 
test length is indicated in the figure. This length is limited in the 
first place by the distance between shaft bearings and in the second 
place by any possible vibration or torsion which may be set up in the 
tube carrying disk No. i. 

Torsion meters in which a beam of light is used to indicate the 
amount of torsion have been designed b)’ Hopkinson and Thring f 
and by Bevis-Gibson.J 

165. Cradle Dynamometers. — These have found extended labo¬ 
ratory use in the testing of small dynamos and motors. In Fig. 234 
the machine to be tested is rigidly secured to the cradle A, which at 
each side lests by means of knife-edges B ujxm the floor-stands C. 
The axis of the armature is adjusted exactl) in line with the knife- 
edges. With the machine standing still, the cradle is balanced by 
means of the balance weight £ and the poises F and £'. When 
set in motion the magnetic drag set up between armature and pole 
pieces unbalances the cradle. Prom the moments required to re 
store balance the power output or input may then be computed. 

* E. M. Speakman, Inst, of Eng. and Shipbuilders of Scotland, Vol. L. 
t Londoil Engineering, June 14, 1907. 
t London Engineering, Feb. 7, 1908. 
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166. Electrical Measurement of Power Input and Output.— 

Dynamos and molors form very convenient dynamometers for 
determining output and input, and the method of connecting them 
up and taking the observations will be briefly considered.* 

We may have two possible cases. If a power consumer is oper¬ 
ated by a motor, we may take readings of the electrical input and 
multiplying this by the efficiency of the motor at the load used, we 
will have the {wwer delivered to the consumer. If on the other 
hand a generator is used as a brake for a prime mover, the electrical 



output must be divided by the generator efikiency at that load 
to obtain the power delivered by the prime mover to the generator. 
In the last case, unless the current can be usefully employed, it 
also becomes necessary to furnish means for destroying the electrical 
energy, i.e., for loading the generator. 

It will be noted that in either case it is necessarj’ to know the 
efficiency curve of the electrical machine used. In the case of a 
motor this may be done either by braking the motor or by making 
electrical measurements and computing the losses. For generators 
the electrical losses may be found in a similar way, but whenever 
* See F. Bedell, Direct and Alternating Current Testing. 
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possible it is simpler to obtain the curves from the builders of the 
machine, whether motor or generator, and the results will generally 
be more accurate. This statement applies primarily to machines 
of medium or large capacity. 

The load on a generator may be produced by metallic resistances, 
batteries of lamps, or water rheostats. Where running water is 
available, metallic resistances are perhaps the simplest means and 
may be made of large capacity. In general, however, unless the 
fKJwer output is small, when lamp batteries form a convenient 
resistance, the water rheostat is j)erhai)s the best for controlling 
and destroying the electrical output. For design constants for 
either metallic resistances or water rheostats the reader is referred 
to electrical handbooks. 

167. Methods of Connecting up, etc. — It will not be possible to 
lake up under this head all the typos of motors or generators 
which may be used in practice. Most of the cases will, however, be 
covered by considering the direct-current shunt motor and generator 
and the three-phase alternating-current motor and generator. 

I. Motors used as Transmission Dynamometers. — (a) Direct-cur¬ 
rent Shunt Motor: 



Connection to the lines is made at 4 and 5, Fig. 235. i? is a 
starting resistance which should be inserted beyond the point 3 to 
make certain that the field is always under full excitation. R may or 
may not be used to regulate the sj)eed. It is better for this purpose 
to insert a variable resistance F' in the field circuit. The greater 
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the resistance F', i.e., tlic weaker the field, the greater the speed. 
The current should be measured at A, in order to take account of 
the field current as well. The voltage, however, should be measured 
between i and 2, Ix'cause the pressure difference at the motor and 
not in the line is what is wanted. Of course, if K is not used to 
regulate speed, this precaution is not necessary. The horse power 

input to the consumer is — X motor efficiency. 

(p) Alternating-current Motor (Induction Motor); 



Connections are shown in Fig. 236 with two wattmeters, IF, and 
Wy Points I and 2 indicate the current coil connections to tlie watt¬ 
meters and jx)ints 3 and 4 the connections to the i)olcntial coils. 
The ])ower input to the motor is the sum of the wattmeter readings, 
which multij)lied by motor efficiency gives input to |X)wer consumer. 
2. Generators used as Brakes. — (a) Direct-current Shunt Gen- 



Fig. 237.—D, C. Shunt Genfrator. 

The connections are very similar to those in Fig. 235. The 
starting resistance is not used and it is immaterial whether the 
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voltage is measured between jwints i and 2 or i and 3. The 
horse-power input to the generator = —^^'^5- generator 


efficiency. 

(b) Three-phase Generator: 



Wattmeters are cut in as in Fig. 238. The sum of the two read¬ 
ings is the power generated, which divided l)y the generator efficiency 
give.s the developed power of the prime mover. 

168. The Testing of Belts. — The testing of a belt drive may be 
for the purpose of determining the efficiency of transmission, the 
coefficient of friction, the amount of creep or slip, or the working 
tensions; but it is possible to make a single test w'ith proper arrange¬ 
ment of apparatus which will give sufficient data for the determina¬ 
tion and computation of all these items. The belt-testing machine 
used at Sibley College, described in the following article, is con¬ 
structed and arranged with this end in view-. 

For the theoretical consideration of the friction of cords and 
belting, see Art. 116, p. 238. 

i6<>. The Sibley College Belt-testing Machine. — The belt-testing 
machine illustrated in Fig. 239 is used in the mechanical laboratory 
of Sibley College. It was designed by Wilfred Lewus of Phila¬ 
delphia, and used in the tests described in Vol. Vll of Transactions 
of American Society of Mechanical Engineers.* 

The belt to be tested is placed on the pulleys E, F; power is 
transmitted through the pulley P to the Lewis transmission dyna¬ 
mometer and through this to the driving pulley £. The driving 

• The student is referred to papers in Transactions of American Society of Mechan¬ 
ical Engineers, Vol. VII, by Wilfred Uwis and Prof. G. Lanza; also to papers in Vol. 
XII, by Prof. G. Alden; and to the Holman tests in the Journal of the Franklin Insti- 
tute, 1885. 




Fig, 239, — Sibley College Belt-testing Mm 
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shaft is fitted with a universal joint to eliminate transverse strain 
on the dynamometer, and to allow some freedom of motion trans¬ 
verse to the shaft to the carriage which supjxirts pulley E. I'he 
tension carriage, so called, pivots near tlie floor upon sheet-steel 
fulcrums,’ like those used in the Eraerj’ testing machine. From the 
driving pulley E the power is transmitted to the driven pulley F, 
whose shaft is mounted on solid pedestal bearings on the movable 
carriage M. By shifting the latter along the floor and securing it 
rigidly, any desired initial tension may be ])ut into the belt. I'he 
shaft of F also carries a brake wheel J, the ]X)wer transmitted being 
regulated by means of the Prony brake. The rest of the a].)j>aratus 
consists of a slij) disk so con.structed that the .dij) mxi} be read 
directly in per cent. The auxiliary shaft I is driven from the shaft 
on which pulley P is placed through worm gearing liaving a ratio of 
loo to 1. At the ojtposile end, near the brake carriage (see enlarged 
detail figure),/carries a disk .S’, whose circumference is divided into 
too jjarts. Next to S, but loose on the .shaft 7 and driven !)y a 
worm W on the driven shaft, is the gear L. Tito ratio between 
W and L is again loo to t. A |)ointcr F mo\ing over the circum¬ 
ferential scale of S is carried by the hub of L, and may be secured 
in any position desired by the set screw /'. Now suj)]X)sc that the 
machine is running and that V is set to any point on S. If there is 
no difference in the position of T on S when S has made one com¬ 
plete revolution, L is moving just as fast as .S', and there is no ,sli[). 
If, however, V has lagged behind .say A’ divisions on the scale, the slij) 
will be A' per cent, liecau‘'C as constructed each division on the scale 
is ctjual to a lag of i revolution in too, that is, to a slip of i per cent. 

Platform scales are jnovided at B, to obtain the net brake load, 
at C to determine the reaction of tlic tension carriage, and at A to 
find the net load on the dynamometer. In what follows, B will be 
called the brake scale, C the tension scale, and A the dynamometer 
scale. Means should also be ]>rovided for accurately determining 
the speed of the driving pulley E. 

^^o. Methods of making Tests and Computations. — i. With test 
belt off, run the machine at speed desired and determine the zero 
readings of dynamometer and tension scales. Determine also the 
zero reading of the brake scale as outlined in Art. 144, p. 276. 
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2. Put test belt in place under very moderate tension and run 
for a few turns until it adjusts itself properly to the pulleys. Then 
shut down and move brake carriage outward until the desired 
initial tension in the belt is obtained. This is determined by means 
of the tension scale as follows: 

Initial Tension. — In Fig. 240, £ is the driving pulley. The belt 
tensions are Tj and respectively, each acting at an arm r. The 



Fit,, 240, •- Tlnsion Carrl 4 Ge^ Belt-testing Machine. 


shaft couple is represented by Px. The vertical arm of the brake 
carriage is d, the horizontal arm is r and C the net reaction on the 
tension scale. Then, taking moments aljout O, 

Cc = id 4 r) 4 - 'l\{d - r) + p{d 4 ~ p{d - 0 

or 

Cc --= d {T, f 7;) - r ( 7 ’, - 7 ’,) + Px. 

But r ~ 7 'd is the couple due to the bell, while Px is the same 
couple on the shaft. Hence ~r ( 7 ’j ~ Z’j) 4 - Px — o, and we have 

Cc^d (T. + T,) 

from which 

T.+ n-Cj. (26) 

But in this case, since the belt is standing still, — 7 ", and therefore 
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This is the total initial tension, T in each side of the belt, and is 
usually divided either by the width of the belt to reduce it to initial 
tension per inch of width, or by the cross-sectional area of the belt 
to reduce it to initial tension per square inch of belt. 

3. Start machine and take a series of observations, vaiying the 
brake load, i.e., the horse power delivered, from an amount as low 
as the brake will carry, until the slip becomes excessive, which point 
is indicated either by screeching and flopping of belt or by belt 
leaving the driven pulley. For each brake load, as soon as condi¬ 
tions become constant, ob.serve reading of dynamometer scale, 
tension scale, brake scale, speed of driving shaft, the arc of contact, 
and slip. To cover the entire field a series of initial tensions should 
be taken and the same operation repeated for each. 



Fig. 241.—Brake Carriage, Belt-testing Machine. 


4. Computations. — {a) Horse-power Input. —Sec descrijition 
of Lewis dynamometer, Art. 158. 

{b) Initial Tension per inch of width or per square inch of cross 
section; see 2 above. 

(c) Running Tensions, T, in driving or tight side of belt and 
r, in slack side. It was shown under 2 that the sum of the 


tensions is 



Fig. 241 shows the moments involved in the brake scale mech¬ 
anism. Here F is the driven pulley, J the brake wheel, the 
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radius of F is the length of the brake arm = 6 ft., and the net 

2 

brake load == B lbs. With moments alxsve the center of wheel F 
we have 

Bb + 

2 2 

from which 

(„> 

2 

Combining this witli equation (26) above, we finally have 

(28) 

2 

C-,- B — 

n- -i —(29) 

2 

These equations give the (o(al tensions Tj and T^, which are 
usually reduced to pounds per inch of width or per square inch of 
cross section by proper division. 

{d) Coefficient of Friction, f. — This may be obtained from equa¬ 
tion (7), Art. 116. Usually, however, the equation is simplified to 

the following form: 7^ 

/ - log.^ d, (30) 

w’here Q is the arc of contact in radians. 

(e) Delivered Horse Power is computed from the constants of 
the Prony brake and the brake load; see Art. 144. 
if) Fffiiciency of Transmission 

Delivered Horse Power 

. . . . . I . . I— . . • 

Horse-pow'cr Input 

It should be noted here that the efficiency as above computed 
takes into account the friction of the bearings and is consequently 
not the net efficiency of transmission by the belt alone. 

5. The following form used at Sibley College shows the manner 
of recording data and of arranging the results. 
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CHAPTER XI. 


HEAT AND THE PROPERTIES OF GASES AND VAPORS. 


171. The purpose of this chapter is to bring together in one 
place all the necessary definition.s, (onceptions, and laws concern¬ 
ing gases and vaj)ors and thus to avoid loading down the chapters 
dealing with the testing of prime movers with elementary and theo¬ 
retical discussions.* 

172. Notation and General Definitions. — Throughout this 
Chaj)ter the following notation will Ix' u^ed: 


Q -■= Quantity of heat in British Thermal Units, B.t.u. 
E — Work in foo1-jx)unds. 

J -- Joule ctpiivalent 778. 

< ^ a 

,.--^^-., 385 . 

Cj,— Speciilc heat at constant pressure in B.t.u. 

(\. - Specific heat at con; tint volume in B.t.u. 

^ r 

V 


p - Ab.solute jiressure in jxninds per sq. in. 

P - Absolute pressure in jiounds per scj. ft. 

V ~ Volume of a gas or vajxir in cu. ft. 

t/ - Volume of one pound of gas or vapor in cu. ft. («= specific 
volume). 

t 'remjierature in degrees Fahrenheit. 

T .Absolute temperature in degrees Fahrenheit. 

W -- Weight of gas or vajior involved in a given change or process. 


173.. The Heat Unit and the Mechanical Equivalent of Heat. — 

Heat has to be measured by an arbitrary unit, and the unit adopted 
in the English system is the quantify of lieat required to raise one 

The main ext'Cption to this statemenl is the discussion concerning specific heat^ 
in Chap. XXI, in connection with gas-engine testing. 

3^5 
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pound of water through one degree Fahrenheit. This is known 
as the British thermal unit (B-t.u.). 

In the metric system the unit is taken as that quantity of heat 
required to raise one kilogram of water through one degree Cen¬ 
tigrade.* This unit is known as the large calorie, and is the 
usual engineering unit, the physicist’s unit being the small calorie, 
which is the one-thousandth part of the large calorie. The ratio 
between the B.t.u. and the large calorie is i B.t.u. = .252 kilogram 
calorie. 

It is of the greatest importance in some engineering calculations 
to be able to transpose heat units into equivalent mechanical units 
or vice versa. The determination of the relation existing between 
them is entirely experimental, and from the first investigator who 
determined a definite value for the British thermal unit the con¬ 
version factor has obtained the name Joule’s equivalent. Joule 
found the mechanical equivalent of one heat unit equal to 772 foot¬ 
pounds. This value was later changed to 778 foot-jx>unds, which is 
the figure now generally used, although some uncertainty still exists 
as to the true value. The mechanical equivalent of heat in the 
metric system is i calorie = 424 meter-kilograms. 

174. Specific Heat. — Specific heat is generally defined as the 
quantity of heat required to raise unit weight of a substance through 
one degree of temperature. In this country the units are one 
IJound and one degree Fahrenheit. From the nature of the defini¬ 
tion of the heat unit given above, the specific heat of water is i.oo. 
The expansion of liquids and .solids under a temperature rise of one 
degree is extremely small, so that practically all the heat furnished 
goes to increase the intrinsic energy of the substance. There is in 
the case of such material, therefore, no practical distinctfon between 
the specific heat at constant volume, C„, and that at constant pres¬ 
sure, Cp. With gas tire case is different. Here the volume of the 
gas may be kept constant while it is lieing heated through one degree 
or the gas may be allowed to expand in the process. In the first 

♦ On account of the fac’t that the specific heat of water varies slightly with teni- 
peralurCi it becomes necessary in the definition of the heat unit to fix the one degree 
of temperature through which the heat is supplied. In the older definitions this w^as 
taken at from 6o to 6i® F. or from 15 to 16® C , but lately the unit is based upon a mean 
value obtained for the entire range from freezing to boiling points of water. 



f 


HEAT AND THE PROPERTIES OF GASES AND VAPORS 327 

case no external work is done and C, is consequently always smaller 
than Cp by the amount of heat required to do the work of expansion 
against the external pressure.* 

LAWS OF GASES. 

175. Boyle’s Law, Charles’s Law, etc. — An ideal gas is defined 
as one which, at constant temperature, follows Boyle’s law, 

pv ~ constant. (i) 

No gas as far as known follows this law strictly, departing from 
it especially near the region of liquefaction, but for all engineering 
purposes and in the range usually covered it expresses pressure and 
volume relation with sufficient accuracy. Pre.s&ure and volume, 
however, are only two of the criteria which define the state of a 

gas, the third being temperature. The relation of pressure or volume 

to temperature is expressed by Charles’s law, 

^ when the volume remains constant (2) 

r 1 , 

V Vi 

— ^when the pressure remains constant. (3) 

The interrelation of the three variables, />, and 7 ", may be expressed 
by a combination of the laws of Boyle and of Charles as follows: 

^ ^ = constant. (4) 

Equation (4) is generally known as the equation of state or condition 
of the ideal gas. 

So far nothing has been said concerning units, and as a matter 
of fact any units may be used, provided only that p and T are 
absolute pressure and temperature res})ecti'\-ely. The constant in 
equation (4) will of course have a different value depending upon 
the units in which p, v, and T are expressed and ujMan the weight and 
volume of gas concerned. It has, however, become usual in Eng¬ 
lish practice to express the pressure in ]X)unds per square foot, in 
which case it is designated by P, to take absolute temj)erature in 
degrees Fahrenheit, and to take the volume v equal to that of 

* For distinction between mean and instantaneous specific heat see discussion in 
Chap. XXI. Heat calculations for a given tem})erature range should be made by 
usa of the mean specific heat for that temperature range, unless the simple assump¬ 
tion that specific heat is constant is made. 



328 


EXPERIMENTAL ENGINEERING 


one pound of the gas under the existing conditions of pressure and 
temperature, that is = i/. Witli these units the constant in equa¬ 
tion (4) is generally designated by the symbol R and equation (4) 
becomes 

-jT = i? (5) 

For any one gas, R is constant and is the foot-pounds of work 
done by one pound of gas when it is heated through one degree 
Fahrenheit. Sec Table below for values of R for the most common 


gases. 

176. Specific Heat of Gases. — The (li.stinction between s{)ccific 
heat at constant jne.ssure, Q,, and that at constant volume, ^\as 
made in Art. 174. For any given gas the specific lieat varies with 
temperature, increasing as the temperature increases. The laws 
of this increase arc not as yet definitely fixed, and for ordinary 
engineering calculations it is still usual to consider specific heat a 
constant quantity for a given gas. Enough information is no\v, 
however, available to make such an assumption unwarranted ex¬ 
cept for rough calculation. The subject is discussed at length in 
Chap. XXI in connection with gas-engine calculations. 


C 

The ratio of the specific heats 7^, which decreases with tempera- 


ture, is designated by the lottery. It is in all cases computed from 
the in&tantaneou-> values of specific heat. 

The follovi’ing tal)le gives values of Cp, C,, 7, and R for a series 
of the more common gases. 




Weight per 

SpfLific Jlrat pCT lb * 

Constant /f 

Gas. 


cu £t at 
pa" 

— 

■ - 

in e-(iuutJon 



3 P 




Hydrogen . 

.lb 

.00562 

3 3 «o 

J.380 

775.0 

Carlion Monoxide . 

.C'O 

.07807 

,243 

• 174 

55*23 

Methane . 

.. . .rib 

.04464 

•S ‘)3 

.468 

67*25 

Ethylene . 

.. ..CjH, 

.07800 

,404 

•333 


Acetylene. 

.(bib 

.07251 

• 346 

. 270 

so. 1.5 

Butylene. 

.('db 

•^5590 

.404 

■333 


Nitrogen. 


' .0783T 

.243 

»^73 

55 23 

Oxygen. 

.o. 

.08921 

1 • 

•ES 3 

49.70 

Air . 

. — 

.08072 

' *2375 

1684 

53-75 

Water vapor ...... 

.H2O 

.05016 

• 45 S 

34 

«S-S8 

Carbon Dioxide.... 

.CO2 

.12268 

. 201 

•^55 

i . 35-01 

♦ These are 

instantaneoufe values for a 

temperature of about 6o®F. 
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177. Pressure and Volume Changes in Gases. — (a) Change at 
Constant Pressure .—In the rectangular coordinate system, Fig. 242, 
let OX ~ axis of volumes v, and OF = axis of absolute pressure 
P, Let tlie point i define the initial state of v^ cubic feet of gas at 



tiG. 242, 


a pressure P, and a temperature P,. Heat is supplied and the gas is 
allowed to exi)an(l at constant i)ressure to the })oint 2. where the state 
is defined by P^v/JT^. This change is called isopieslic or isoharic. 


Equation of state 
Work done 
Heat supplied 
or 





( 6 ) 

Pi (’’2 


ft.-lbs. 

( 7 ) 


WCv 

('P,- P,) B.tu. 

( 8 ) 

778 



wc^ 

(P- 

r,) B.t.u. 

(9) 


For the reverse of this change, that is, for a compression from 
2 to J, the same equations hold, except that E and Q will be negative, 
i.c., work is done upon and heat is rejected by the material changing 
volume. 
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(b) Change at Constant Volume. — With the material again at 
point I in Fig. 242, assume heat supplied and the volume of the gas 
maintained constant. The pressure rises to the point 3, where 
the state is defined by P^v^T^, according to Charles’s law. This 
change is called isometric or isovolumic. 


Equation of stale 

Work done 
Heat supplied 


T, T, 

E <= o, since there is no volume change. 
Q - WC. { 1 \ - Td B.t.u. 


(10) 

(11) 

(12) 


For the reverse change there is a j)ressure droj), the quantity of 
heat, Q, becomes negative, showing that heat must be removed. 

(c) Isothermal Change. —The gas is expanded from the point 1, 
Fig. 242, to the point 4, heat being supplied to keep the tem|)eralure 
constant. At |K)int 4 the state is defined by This change 

is called isothermal, and the expansion line described is known as 
an isothermal line. Since T is constant, 


Equation of state 

P,v, = P^v^--^ constant. 

(13) 

Work done 

E == f Pdv ^ 

• 


Vl •'1 

=- P^v^ log, r ft.-lbs., 

{14) 

where r is the ratio 

of expansion. 


Heat supplied 

e = iB,,.u. 

(15) 


For the reverse change, that is, isothermal compression, E and Q 
become negative, i.e., work must be done ujK)n the gas and heat 
must be removed. 

(d) Adiabatic (or Iseniropic) Change.* — The gas ex})ands from 
point I, Fig. 242, to jwint 5, but no heat is supplied or rejected. 
This process is knowm as adiabatic, and if reversible, also as isen¬ 
iropic, meaning constant entropy. For definition of the latter term 
see page 332. Let the final state of the gas be defined by P^v^T^. 
Sipce the work done during the change must be done at the expense 


• See note, page 344. 
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of the sensible heat in the gas, the temperature must drop, and 
hence the pressure must drop more rapidly than during an isothermal 
change. 

Equation of state (16) 

•*» * i 

Equation of adiabatic line PiV{' P^v^. (17) 


From equations (16) and (17) the interrelation of the three vari¬ 
ables may be expressed by 


7 — 1 



Work done, 



(19) 


Heat supplied Q — o B.t.u. 


(20) 


For the reverse change, i.e., adiabatic compression, E is negative, 
that is, work is expended in comj)rcssing the gas. 

(e) Changes represented by Pv” -- constant. —The equations rep¬ 
resenting work done, as w'oll as those showing the interrelation of 
pressure, volume, and temperature for these changes, are the same 
as those given for the adiabatic change under (d) e.xcept that n is 
substituted for 7. As a matter of fact, the adiabatic change is 
a special case of Pv* — constant, in which » = 7. Similarly for the 
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isothermal change n — i, for the change at constant volume 
»=■(», and for that at constant pressure n =■ o. 

Heat supplied 

e-[c.{r,-r.)4^]ii.t.u. (joa) 

178. Entropy of Gases. — When heat is supplied to a gas, the 
result maybe a simultaneous change of pressure, volume, and tem¬ 
perature. In other words, the addition of heat may produce, first, 
additional internal energy of the gas, involving rise of temperature, 
and second, it may produce an external effect which is equivalent 
to the work done by the gas expanded between its containing walls. 
Mathematically expressed, these changes may be written 

3 Q = 0 )r + ^^V. (21) 

By substituting for P in this equation it reduces to 

§Q^CJT+(C,-C,:)T~> (22) 


and if we write the general equation for entropy, 


we will finally have 




T 


d<l) 



(Cp C») 



(23) 

(24) 


which is the general equation for entmpy of a gas. 

According to the simultaneous interrelation between the three 
factors pressure, volume, and temi)eraturc, equation (24) undergoes 
certain modifications which make it directly applicable to each case. 

Case a. Change of Entropy at Constant Volume. —Under this 
condition »^ 

{Cp -C.) ~^ o. 

We shall have from equation (24) 


8 ^ 


T 


~ 4^1 ~ 


^ V 

log.^. 


(25) 


(26) 
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Case b. Change of Entropy at Constant Pressure. —From Pi/ == 

dv^ dT 

i 27 ’and P81/ = RdTwe may derive — == -jr’ which by substitution 
in equation (24) gives 

j =“ Cp—’ (27) 

^3-Cplog.^- (28) 

Case c. Change of Entropy uiiih Simultaneous Change of Pressure 

RT 

and Volume. — From equations Pv'" = Pi'v'," and P — we may 
derive 

(iT 

v' T{n — i) ’ 


which by substitution in general equation (24) changes the latter to 
the form 


d(ji 


T ’ r 


-{Cp- 


Cv) 


dp 

T{n-i)‘ 


(29) 


This equation may be simplified by the aid of the relation 
Cj, -- yC^, the hnal form being 


-ik r i”' 

ocp - C., 


(30) 



( 3 ^) 


LAWS OF VAPORS. 

179. Vaporization. — The conversion of liijuid to vapor takes 
place at a definite and different temperature for every different 
pressure, provided the space above the liquid is limited. For the 
case of free evaporation, as for instance in the open cooling tower, 
the evaporation does not take place at atmospheric pressure, as 
might be supposed, but at a pressure determined by the tempera¬ 
ture of the liquid. This fact must be remembered when making 
computations for such a case. 
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To raise unit weight of the liquid to these different tempera¬ 
tures requires in any given case a quantity of heat, called heat 
of the liquid, equal to 

q = CiiTj - Ti) B.t.u., (32) 

in which C| is the mean specific heat of the liquid between the 
temperatures T, and T,, T, being the temperature of the liquid 
before the addition of heat. This is generally assumed 32® F. 
Tj is the temperature at which vaporization takes place. 

It would seem more rational to assume T, at the freezing point 
of the liquid for every substance, although engineering practice 
still generally assumes Ti at 32® P\, probably because of the much 
more general use of steam as compared with other va])ors. For 
ammonia vapor, for instance, this basis of comjiutations results in 
negative heat quantities for the values of q, and in latent heat values 
r partly negative and partly positive for temjxiratures below 32°. 

After heating the liquid to the temperature of vajKirization, the 
addition of a quantity of heat known as the latent heat of vaporiza¬ 
tion will convert all the liquid to dry saturated vapor at the same 
pressure and temperature previously possessed by the liquid. This 
heat is represented by r. 

The latent heat of vaporization can be imagined to consist of 
two parts, the internal latent heat, p, and the external latent heat, Apu. 

The internal latent heat Ls that part of the total latent heat which 
is used to do the internal work coincident with the molecular re¬ 
arrangement during the change of state from liquid to vapor. 

The external latent heat is that part of the total latent heat which 
is used for doing the external work necessitated by the enormous 
volume increase during the change of state. 

The total heat above 32° per pound of dry saturated vaix)r is, then, 

-i = g -f jO + Apu =- j 4- r. (33) 

If the process of vaporization ceases when a fraction, x, of each 
pound of liquid has been converted into vapor, the mixture is known 
as wet saturated vapor , and the heat above 32° per pound of mixture is 

q + X (p -h Apu) =■ y ( 3 ^) 
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As the pressure and the (luanlilies q, p, r, Apu,and X all vary wilh 
the temperature, ii is customary lo tabulate them and other useful 
properties of the material in so-callcd vapor tables. See the Steam 
and Ammonia Vajjor Tables in the Appendix. 

180. Superheating and Specific Heats of Vapors. — After vaporiza¬ 
tion, as outlined in Art. 179, is complete, the further addition of heat 
results in raising the temperature above that corrcsix)nding to the 
pressure, if liquid were present. This is known as superheating. 
Va{X)r may be superheated at constant volume, at constant pres¬ 
sure, or under a simultaneous change of both pressure and volume. 
The usual method, however, is practically that at constant pres¬ 
sure, and this will therefore be the only case necessary to consider. 

Experiment shows that the specific heat of vajxirs varies with 
pressure and temjierature, and recently fairly accurate determina¬ 
tions of this quantity have been made in the case of ivater vajxir 
(steam). Among these the results of Knoblauch and Jakob, 
slightly modified at low jiressures and at temperatures near satura¬ 
tion by Marks and Davis,* seem to be the most reliable. Fig. 243 f 
shows a graphical representation of Knoblauch and Jakob’s results 
so modified. The ordinates of this diagram represent what are 
called “ instantaneous ” specific heals, that is, the progressive values 
which vary from degree lo degree at constant pressure and from 
pressure to pressure at constant temjierature. In Fig. 243 the 
curve AB may be called a saturation curv'c, since it is a curve 
obtained by plotting corresjxmding conditions of saturated steam. 

A more useful way of plotting specific heats, however, is to plot 
the “ mean ” sjiecific heat for given temperature ranges, because 
most engineering calculations in this field call for the iletermination 
of heat content of superheated steam at a certain definite pressure 
and temperature. 

This ma\ be done by means of the data for superheated steam 
contained in the Tables of Marks and Davis. The result for a 
number of pressures is shown in Fig. 244. Thus for a pressure of 
100 lbs. absolute and a degree of superheat equal to 200°, the mean 

^ Tables and Diagrams of the Thermal Properties of Saturated and Superheated 
Steam, S. Marks and H. N. Davis, Longmans, Green & Co. 
t Tables and Diagrams, p. 97. 



336 


EXPERIMENTAL ENGINEERING 



Fig* 243.—Relation between Cp (iN&TANTANEotrs Vautes) and 
Tembfrature for Superheated Steam. 

(The numbers on the curves represent absolute presaur© in Iba,/ sq meh.) 


To obtain the same result from the diagram of Fig. 343 we would 
have had to proceed as follows: The saturation temperature of steam 
at 100 lbs. absolute is 327.8°?. (from Steam Table, Appendix). 
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With 200° of superheat the steam temperature would then be 
527.8° F. It will next be necessary to obtain, in Fig. 243, the mean 
ordinate for that part of the Cp-curve for loo lbs. between the 
abscissae 327.8 and 527.8. This will }>e found to be .515, but the 
great advantage of Fig. 244 is at once apparent. 

181. Use of Steam Tables and Diagram.* —Table No. I in the 
Appendix is computed with steanl temperatures as a basis and 
gives the values of the various quantities from 32° to 165° F. It is 
intended to be used mainly for condenser work, the absolute pres¬ 
sure range covered being from .2" to 10.86" Hg. 

Table No. II is based on pressures and will serve for all ordinary 
steam calculations. 

The items in both tables are clearly enough set forth in the head¬ 
ings lo the columns and need no further explanation. 

The diagram. Fig. 245, is of course constructed from steam table 
data, and the legends and directions it contains should be sufficient 
to explain its meaning. Some of its uses will be apjiaront in the 
following examples: 

Example i. — Steam pressure 125 lbs. absolute, feed water temperature 
72®, quality of steam 95 per cent, find total heat per |K)und of steam above feed 
water temperature. 

General equation: 

Heat i>er pound of steam = [xr -f ^ — (/ — 32)] B.t.u. 

From Table II, for 125 lbs. pressure, r - 874.7, q - 315.5, therefore heat per 
pound of steam 

= lUs X 874.7) + 315-5 -(72 - 32)] =• 1106.4 B.t.u. 

Example 2. — How much heat is required to heat boiler feed water from 75^* 
to vaporization at a boiler pressure of 150 lbs. by gauge? 

For the solution of this problem it is necessary to know the barometric 
pressure, since the tables are based on absolute pressure. Assume that the 

* Both tables and diagrams were taken fn>m the “Tables and Diagrams of the 
Thermal Properties of Saturated and Superheated Steam,” by special j>ermission of the 
authors, Prof. L. S. Marks and Mr. 11 . N. Davis, and of the publishers, Txmgmans, 
Green & Co, l^'he tables were much shortened, and this is true especially of the temper* 
ature tables, which in the original covered the range from 32° to 6Sc/. The pressure 
table is cut dowm less. The diagram was reduced from a large chart approximately 
16 X 20 inches. The bcxik mentioned also contains an extended table of the prop¬ 
erties of superheated steam. 
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barometer stands at 29.3", equivalent to a pressure of 144 lbs, He abso¬ 
lute pressure will then be 150,0 + 144 =« 1644 lbs. 

From Table II; 

At 165 lbs. absolute, q « 358.2 B.t.u. above 32®. 

At 164 lbs.'absolute, 9 ^ ' 

Difference, .5 

Hence at 164.4 lbs,, q « 337,7 + (.4 X .5) “ 337*9 B.t.u. above 32®. From 
this value must be subtracted the value of q for feed water at 75*^. This is 
best found from Table I, from which q == 43.05 B.t.u. Hence the net amount 
of heat required Is in this case equal to 337.9 ~ 43.05 « 294.85 B.t.u. 

It is quite customary for ordinary calculations, especially if no temperature 
table is available, to assume the spcdfic heat of water equal to i.o, in which 
case the heat in the feed water at 75® above 32® would be 43 B.t.u., and the 
heat required for the case under discussion would then have been 337.9 — 43 « 
294.9 B.t.u. It will be noted that the difference is very small. 

Example 3. — The total heat contained in a pound of steam is found to be 
1175 B.t.u. The absolute pressure is 180 lbs. Find the quality of the steam. 
We have 

xr + q ^ 1175. 

From the steam table, for 180 lbs., r » 850.8, q « 345.6, hence 
850.8 .r + 345,6 « 1175, 

from which 

X » 97.5 per cent 

The same result could have been obtained very quickly from the diagram, 
Fig. 245, by following the 1175 B.t.u^llne to the right to its intersection with 
the 180 lbs. pressure line. Thi§ ^int will be found to lie halfway between the 
97 and 98 per cent quality liinsfi. 

Suppose, next, that at the same absolute pressure the steam had contained 
1260 per pound; find x. Here 

850.8 X + 345.6 =* 1260, 
and X « 1.075. 

Evidently the steam is superheated, and the amount of superheat should 
next be expressed either in B.t.u. or in degrees. To obtain the B.t.u. of super¬ 
heat, the quickest way is to subtract from 1260 B.t.u. the total heat in dry 
and saturated steam at 180 lbs. absolute, equal to 1196.4 B.tu. from the table. 
This shows 63.6 B.t.u. of superheat. The next step is to determine the degree 
of superheat, i.e., the steam temperature. We have 

Cp {Tt -- Ti) ^ B.t.u. of superheat, 

where 

Cp “ mean specific heat in the range Ti to Tg| 

Tt ^ actual temperature of steam, 

Ti « saturation temperature of steam. 
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lo this case, 


CpiT,~ 373.1) - 63.6, 


Tt = + 373-I- 

If the only information available concerning the interrelation of Cp and T, 
is that contained in the curves of Fig. 244, the last equation will have to be 
solved by trial, since both Cp and T* are unknown. From Fig. 244 it will be 
found that when the degree of superheat « in, Cp « .573 for 180 lbs. absolute, 
and this pair of values closely satisfies the above equation. Hence the steam 
temperature is 373.1 -f in » 484.1® F. 

Again the diagram, Fig. 245, would have given this result without computa¬ 
tion, for following the 1260 B-t.u. line to the right until it crosses the iSo lbs 
pressure line, it will be seen that the point of intersection is just about halfway 
between the 100® and the 120® lines of superheat. 

Example 4. — The vacuum gauge on a condenser shows 26" Hg, while the 
temperature in the condenser is no®. The barometer shows 29" at the same 
time. What proportion of the absolute pressure in the condenser is due to 
the presence of air? 

A temperature of no® in the condenser, if steam alone were present, calls 
for an absolute pressure of 2.589" Hg, according to the temperature table in 
the Appendix. The absolute pressure really is 29 - 26 - 3" Hg, and the excess 
pressure, or .411" Hg, is therefore due to the presence of air. 

Example 5. — One pound of steam at an absolute pressure of 150 lbs. and a 
temperature of 460® F. is expanded isentropically to a pressure of 30 lbs. abso¬ 
lute. What is the state of the steam at the end of the expansion and what is 
the difference in heat content of steam at beginning and end? 

The saturation temperature of the steam is 358.5® F., hence tlie steam is 
superheated to an extent of 460 — 358.5 =» 101.5®. The problem is best 
solved by means of the diagram, Fig. 245. Since in this diagram the abscissae 
represent entropy, an isentropic change is represented by a vertical line. 
Starting, therefore, on the 150 lbs. pressure line at a point representing 101.5® 
of superheat, drop a vertical line to an intersection with the 30 lbs, pressure 
line. The point of intersection indicates a quality of 95.1 per cent, the steam 
having changed its state from that of superheat to 4.9 per cent wet. For 
150 lbs. absolute pressure and 101.5® of suiKTheat, the B.t.u. scale at the left 
shows a heat content of 1255 B.t.u. per potmd. At 30 lbs. and 95.1 per cent 
quality, the scale shows a heat content of ni8 B.t.u. Hence the difference 
of heat content is in this case 1255 — 1118 « 137 B.t.u. 

Example 6. — Find the heat required to superheat i pound of steam from 
425 to 500® F. at a constant pressure of 200 lbs. absolute. 

The saturation temperature for 200 lbs. is 381.9*^1 hence, the above tempera¬ 
ture ranges call for a degree of superheat increasing from 43.1® to nS.i® F. 
Fig. 244 shows that at 43.1® and 200 lbs. mean Cp « .642, henCe the heat 
required to superheat up to that point is 43-1 X .642 » 27.67 B.t.u, At 
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ii8a® and 200 lbs*, Cp » .582, hence the heat required up to this temperature 
is 118.1 X .582 = 68.72 B.tu, The net expenditure of heat to raise the tem¬ 
perature from 425® to 500®, therefore, is 68.72 >- 27.67 * 41.05 B.t.u. per pound. 
The same result would have been obtained much more quickly from the dia^ 
gram, Fig. 245, by reading off the difference in the heat content of steam at 
43® and 118"^ of superheat, following the constant pressure line 200, although 
this chart cannot give the result quite so closely. 

182. Entropy of Vapors. — Defining entropy by the equation 

(35) 

a finite entropy change must be 

(36) 

During the heating of a liquid preparatory to va])orization 

dQ - C,dT, (37) 

where Ci = specific heal of the liquid. Substituting this value of 
dQ in equation (36), we have the entropy change of the liquid 

dT 

/ Cr-^, (38) 

which, in case Ci is assumed constant or taken as the mean value 
through the temperature range, can bo written 



In the so-called “ entropy of the liquid ” in the steam tables, as 
computed above 32°, the value of J", in the alxjve e(]uation is equal 
to 492, while is the temperature of valorization. 

During vaix)rizalion of a liquid at constant pressure the tem¬ 
perature remains constant, and the heat added is the latent heat 
of vaforization, r, so that the entropy change during vaporization is 

(40) 

If vaporization is incomplete, i.e., if the vapor formed has the 
quality, x, less than unity, the heat added during vaporization is 
only xr, and the entropy change is 
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The total entropy change, therefore, experienced by a liquid 
when heated from any temperature T,, and vaporized at a given 
constant pressure at a temperature T^, will be 

A^.= C.log.^ + ^. (42) 

If the vapor is dry and saturated, this equation becomes 


Cjlog, 


L 

T, 


r 



(43) 


If the vafx)r is next sufKirheated at constant ])ressure (usual 
case) (IQ in equation (36) may be written CpdT, and 



(44) 


where is the mean specific heat for the temfierature range 
r,- Tj-- Ti. The total entropy change [)er jKiund of liquid 
changed from a temperature Ty into sujjerheated vapor at a tem¬ 
perature T, will be 

Cl + ^ + Crf log.|j (45) 

provided the va}x»r has been sujierheated at constant jiressure. 

The va])or table for steam in the Appendix gives the entropy 
of the liquid, the entropy of vajiorization, and the total entropy 
of dry ami saturated steam. If the steam is suiierheatcd, the third 
member in equation (45) will have to be computed. 

183. The Temperature-Entropy Diagram for Steam. — In a rec¬ 
tangular system of coordinates, Fig. 246. let the abscissae represent 
entropy, designated by c/i, and the ordinates represent absolute 
temperatures, T. Entropy changes of the liquid will in such a 
diagram be rejiresentcd by a line a-b-bi, etc., called the liquid or 
water curve, the data for which line may be obtained either by 
solving equation (39) or by use of the steam table in the Appendix. 
The diagram is constructed for one pound of water. Suppose that 
vaporization begins at the jioint b, where the absolute temjicra- 
ture is 653.2°, corresjxinding to an absolute pressure of 10 lbs. At 
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this point the entropy of the liquid above 32® is 0.2832. See steam 
table. During vaporization the temperature is constant, until the 
point c is reached, where all of the water has been evaporated. The 
heat of vaporization during this change is 982 B.t.u., and the en¬ 
tropy change, therefore, is 1*5042, which, added to the 

entropy at h, makes a total entropy change above 32°, equal to 1.7874. 
If only a part of the water is vaporized, only a proportionate part 



of the heat of vaporization is used. For instance, assume that the 
quality of the vapor is 90 per cent. Then the heat rendered latent 
in the vaporization process .90 X 982 = 883.8, and the entropy 


change, therefore, is 


883.8 


1.3538. The total entropy change 


653*2 

alx)ve 32°, therefore, is 1.6370. This locates the point e on the 
diagram. The line he is equal to .9 of the line be, and, in fact, the 
quality of steam in this diagram may be determined by finding the 
ratio of actual length of the vaporization line to what would be 
the length if vaporization were complete. 
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If, on reaching tlie point c, the vajx)! is next superheated, the 
temperature again rises with an increase in <f> as represented by the 
line cd, the data for which may be computed from equation (44). 

For any other pressure, as 30 lbs., the process will be determined 
by the line ab^c^d^, the data for which is obtamed in exactly the same 
manner. 

If the points c, f„ c,, . . . are joined by a smooth curve, the 
resulting line is the so-called saturation curve for steam. 

In the region to the right of this line the material must be super¬ 
heated, while to the left it must consist of wet vapor until the line 
ahb^ is reached, where all the va{x)r is condensed. 

184. Pressure and Volume Changes in Vapors. — (a) Change at 
Constant Pressure. 

Case of Saturated Vapor. —During a volume change at constant 
pressure, with a saturated vapor, the temperature remains constant. 
Hence, for such a vapor the isothermal line and the isobar are 
identical. Also, since a change of volume at constant pressure 
with a saturated vajxm can only occur during vaporization or con¬ 
densation, every such change is accompanied by a change in tlie 
(juality of the vapor. 

Equation of the line, P ~ constant. (46) 

Work done, £ => P {v^ -1\) ft. lbs. (47) 

Heat supplied during an expansion from v, to in which the 
quality of the vajxjr changes from x, to x, 

“ Q “ x/^ ~ (?i+ ■'V/J B.t.u. (48) 

in this case Ji, and r„ hence, 

Q - r(Xj— x.) B.t.u. (48a) 

Case of Superheated Vapor. —The conditions accompanying 
a change of volume at constant pressure in a superheated vapor 
are best defined by the lines representing the entropy changes 
during superheating in Fig. 246. Accordingly, any such change is 
accompanied by a rise or drop in temperature, depending upon 
whether there is expansion or contraction, and such temperature 
changes are perhaps most easily considered by the construction of 
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a curve similar to cd. In pressure-volume coordinates, the follow¬ 
ing approximate formula of 'I'umlirz may be used in the case of 

steam; j. 

V-,5962--.256, (49) 

P 

in which v ^ specific volume of the superheated steam, 

T - absolute temperature in F degrees, 
p - absolute pressure in Ibs./s'q- m. 

Equation for the line, P = constant (50) 

Work done, £ - P (7;,- v,) ft.-lbs. (51) 

Heat supplied during an expansion from r, to 

rj B.t.iu, (52) 

where P, and P, may be obtained by use of Tumlirz’s equation. 


{b) Constant Volume Changes. 

Case of Saturated Vapor: 

Equation of line v ~ constant. (53) 

Work done, E = o ft.-lbs. (54) 

Heat supplied () = ((/j + - (^i 4 -ar,ft) B.t.u. (55) 

Case of Superheated Vapor: 

Equation of line, v — constant. (56) 

Work done, £ = o ft.-lbs. (57) 

Heat supplied, (> = C» (Pj— Pj) B.t.u, (58) 


Constant volume dianges at tually occurring are, however, usually cases of chang¬ 
ing and the equations alx>ve do not tlien apply. (I'ixample, toe of inditator 
card after release in steam or gas engines.) 

(c) Iseniropic Change.* — .An idea of the volume, pressure, 
temperature, and quality changes which accompany an isentropic 

* An adiabatic process is one in which interchange of heat, as heoi^ between tlie 
working medium and other l)odies does not occur, —in other words the w’orking body 
is thermally isolated. An iseniropic change is defineil as one during which the en¬ 
tropy remains constant. It has been held that, in tlie case of vapors, these two terms 
are not necessarily synonymous. It is clear however that in the great majority of 
cases, when the engineer uses the word adiabatic, he refers to the condition of con* 
stant entropy, i,e, to the isentropic process. 
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change, say expansion, in a vapor, is best gained from a preliminary 
study of the entropy-temperature diagram. In Fig. 246, aa' is the 
liquid line for steant and c(f the saturation line for steam. Since, 
during a reversible adiabatic change, there is no change in the total 
entropy of the vapor, such a change will be indicated by a straight 
line parallel to the axis of temperatures. For instance, starting 
at the point c,, on the 150 pound pressure line, an isentropic expansion 
to 10 lbs. pressure is indicated by the line During this change 
the quality of steam, which was equal to unity at Cj, steadily 

1)6 

dc^crcases until at 10 lbs. pressure it is measured by the ratio —• 

Similarly, at any other j)ressure, as 70 lbs., the quality will be 
h 6 

, and it will be noticed that the quality decreases as the pres- 

''/j 


sure drops. 

The {[uality variations during isentropic expansions vary with 
dilTcrent initial qualities, and no simple law which expresses these 
(quality changes can be given. For this reason it is again best to 
resort to the T<j) diagram when studying any particular case. 

This diagram show's the entrojiy, temj)erature, pressure, and 
(juality changes, but does not directly show’ the volume changes. 
Since most of the actual engineering calculations are based on 
pressure-volume changes, it becomes necessary to find a means 
of determining the volumes corresjxmding to the different points 
etc. 

Neglecting the volume occupied by water, w'hich in all real cases 
is almost vanishingly small, the volume occupied by a pound of 
w’et steam is to the volume occupied by a unit weight of dry and 
saturated steam at the same pressure as the quality of the wet steam 
is to unity, that is, 


V I 


where v* is the volume occupied by one pound of steam at quality .v, 
and V is the volume occupied by one jxiund of dry and saturated 
steam at the same pressure, that is, the specific volume, which latter 
may be found from steam tables. 
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From this it follows that the volume occupied by steam with 
conditions shown by any jx)int such as e in the diagram, Fig. 
246, is equal to the corresjjonding quality multiplied by the specific 
volume, that is, 


he 

Vt~ -~v^ X times specific volume. 
he 


It is therefore possible to plot a Pv curve representing isentropic 
changes of saturated steam by means of the diagram and the 
specific volumes given in the steam tables. 

For superheated conditions the isentropic change must also be 
represented by a vertical line in the T<^ diagram. Here, again, this 
diagram shows temperature and pressure variations accompany¬ 
ing the isentropic change, but it gives no indication of the volumes 
attained. These are best computed from the equation of Tumlirz 
( 49 )- 

Equation of the line: 

For isentropic expansion of steam, approximate formulae of the 
form = constant, have been developed. 

For saturated steam with initial quality, x, between 0.7 and i.o, 

Pv '•®"* - constant (59) 


For steam remaining superheated 

Pv = constant. 

Work done is 

(for saturated steam with initial 


K = ft.-lbs. 

(1.035+0.1 x)-1 


qualities between 0.7 and i.o 


£ = 778 -f x,f, -q^- x/j) ft.-lbs, 


jfor saturated steam with 
[ any initial quality 


(59 a) 

• (60) 

(61) 


In all cases the heat supply is Q == o B.t.u. by definition of an 
adiabatic. 

185. Cycles and Their Efficiencies. — The cycles discussed under 
this head are purely theoretical, so that the efficiency formulae 
developed and the efficiences computed from them show the highest 
theoretically obtainable by ideal engines which operate upon these 
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cycles. In any actual case, owing to various losses, the real cycles 
only approximate the theoretical cycles, so that the theoretical 
efificiency may serve as a standard and the ratio of the efficiency 
actually obtamed to the theoretical efficiency may be taken as a 
measure of the degree of perfection of actual operation. This 
ratio has in some cases a specific name. Thus, in the case of the 
reciprocating steam engine, it has been called the “ cylinder effi¬ 
ciency;” in the case of the turbine the name “ jx)lential efficiency ” 
has been used. 

Gas Cycles. — (0) Carnot Cycle, shown in Figs. 247 and 248. 



Heat supplied per lb. of gas = P,, 1 log, -- RT, log. r ft.-lbs. (62) 

=■ T, {< 1 >B — ^Ji) B.t.u. (63) 

Heat discharged log.^ft.-lbs. - iJZ; log, r B.t.u. 

(64) 

” T,((f>c - ^o) B.t.u. (65) 

Work done - P (T, - T.) log, r B.t.u. (66) 

= (r, — r,) {(pB — <^a) B.t.u. (67) 

Efficiency = P '^ ^- 1 . ^ L-T, 

i?r, log, r Ti 
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(b) Stirling Cycle (used in hot-air engines). Figs. 249 and 250. 



Figs. 249, 250. — Stirling Cycle. 

All the formulae for this cycle arc the same as those developed 
above for the Carnot cycle. The heal discharged along BC is 
stored 'n the regenerator, which is a jiart of the engine, and is 
restored to the working substance along DA. 

(c) Ericsson Cycle (used in hot air engines). Figs. 251 and 252. 



Figs. 251, 252.— Ericsson Cycle, 

The formulae for this cycle also are the .same as for (a) 
of (&). 

The action of the regenerator along AB and CD is the same as 
under (6). 
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id) The Olio Cycle. Figs. 253 and 254. 



Heat supplied per Ib. of gas (along AB) 

j "Ts 

i\dr^CATB-Tjd B.t.u. 

Heat discharged jier lb. of gas (along CD) 

nTc 

= / C/r = a {Tc - To) B.t.u. 


Work done 
Efficiency -- 


C {To -Ta-Tc^- To) B.t.u. 


CATb-T^-Tc ^Tq) T, 
CATb ~TA 
To , I 


Tc+Tq 


Tn-T, 


In the develojiment of these equations, C„ is assumed constant. 
The last form of equation (73) is derived by the aid of the adiabatic 
e([uation Pv"^ --- constant. 

(c) Brayton Cycle. Figs. 255 and 256. 
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Heal supplied per lb. of gas (along AB) 

C\dT=-C,{TB-TA) B.t.u. 

T ^ 


Heat discharged (along CD) 

‘Tc 


f \\dT^CATc~To)^.i.xx. 

T 


Work done 
Efficiency 


Td 

- C. (T, 


p^^B~'lA~rc 1 Id) B.l.u. 
Cp(Tb-Ta~Tc±To) 


Cp {Tb - Tjd 


( 74 ) 


(75) 

( 7 h) 

( 77 ) 


This reduces to exactly the same form as equation (73). The 
assumption is again made that specific heat is constant. 

(/) Diesel Cycle {modified Brayton). See P'igs. 257 and 258. 




Heat supplied per lb. of gas (along AB) 



Cpdr - Cp [Tb 


Tf) B.t.u. 


Heat discharged per lb. of gas (along CD) 



C 4 T = C, {Tc - Tb) B.t.u. 


Work done - [C, (T* - Tfj ~ C, {Tc - To )] B.t.u. 


(78) 


(79) 

(80; 
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Efficiency 


catb-Tj,)-c. (T^-n) 

Cp {Tb - 

7(^a-r4) 


CATc-Tn) 

CATb-TA 

(81) 


I — 


— I 


(p 

In the last equation 

VA 


Im 


and 7 


C. 


(82) 


Vapor Cycles. —The behavior of vapors when subject to cyclic 
variations under differing conditions of saturation or of sui)erhcat 
differs very much, depending mainly ui>on the nature of the vajxjr 
used. To discuss even a few of the vaix)rs would lead to consider¬ 
ations somewliat l)eyond the scope of this book. Fortunately, in 
engineering practice we find only two, steam and ammonia vapor, 
used to any considerable extent, and the discussion will therefore be 
confined to these two vapors. The behavior of ammonia vapor is 
probably more easily understood in connection with machines in 
which it is used, and consequently the consideration of ammonia 
vapor (refrigerating) cycles will be taken up under refrigerating 
machines. 

Cycles for Slcam — (a) Caruot Cycle for Saturated Steam. Figs. 
259 and 2t)o. 




Figs. 259, 260.—-Carnot Cycije for Steam. 


Heat supplied per lb. of vapor =• r, = T, B.tu. (83) 

The first expression of the alxive equation generally reduces to 
because it is usually assumed that at a the material is liquid at 
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the temperature corresponding to the pressure stands for the 

latent heat of vaporization at pressure P* “ Pb- The factor x, 
with proper subscript, expresses the quality of tlie vapor. 


Heat discharged per lb. of vapor 

= r, B.t.u. (84) 

Here is the latent heat of valorization at the pressure Pj --- Pg. 
The work done is of course equal to the heat supplied less the 
heat discharged, and the efficiency may be written: 


Efficiency 


Xi/i- r, (Xg- Xj) ^ (r,- r,) {<j>b-<i>^ 
■Vi <f>a) 

j _ _ Ti~ Tg _ j _ £i, 

r, 2\ 


(85) 


Note; Carnot Cycle with Wet^ Dry^or Superheated Vapor* It must he evident 
from an examination of the derivation of the above efluienry formula that the 
efficiency depends only upon the hhafie of the Carnot cm le in Uic T(j) din^rmi and not 
ufxin the pro{.»erties of the woiking substance. Since the Carnot cycle must alwa^.s 
be made up of two reversible isothcrmals crossed by two revei'aiblc adiabatic:», it must 
always have the same shape when drawn to Tc/) coordinates irrespetTive of the proj)- 

T' Z' 

ertjes of the working substance. Hence tbeetruienry must be —~for all cases 

^ i 

{b) Clamius Cycle with Saturated Steam, Figs. 261 and 262. 




Figs. 261,262. —Clausius Cycle, Saturated Steam. 


Heat supplied per lb* of steam 

“ ?s+ 2:/,= Cj (r,“ Tj) + B.tu., (86) 

assuming that Ci is constant. 

Heat discharged xjr^~ B.t.u. 


( 87 ) 






HEAT AND THE PROPERTIES OF GASES AND VAPORS 353 


The work done is again the difference between eejuations (86) and 
(87), and the efHciency consequently is: 


Efficiency 


T,) + <!>,) 


TA<l>e-4>a) 

cat- T^+TA<f>,-i><:) 


( 88 ) 

(89) 


It can be shown by inspection of areas in the T 4 > diagram that 


the term 


^ . —TT is greater than the term 

(“t 1 ^ 2) ^ 1 ( 96 "" 9 a) ^ 1 


and hence that the efficiency of this cycle is less than the efficiency 
of the Carnot cycle between the same temperature limits. 

(c) Clausius Cycle with Superheated Steam, Fig>. 263 and 264. 




Figs. 26^5, 2O4. — Clvusius Cyclk with Superheated Steam. 


IJcat supplied 

^qx-q-A ri -f Cp (T, - T,) . (90) 

Cx {Tr- T.) + T, (</.,- <^,) + C, {T,- ' 1 \) B.tu., (91) 
again assuming that Ci is constant, and that Cj, is constant. 

Heat discharged =-- -v/j=-= 7 'j(<^„- B.tu., (92) 

Work done “ C(iuation (91) — equation (92) 

Efficiency 

c, (T,~ n) 4 r, {<h -</.„) h c„ (T,- r.) - t, (<a,- <^,) 

CAi\- T,)^- TA<l>t>-<l^.)+CAT,- T,) 

^ ^ _ TJ<b-<l>a) _ 

C, (T. ~T^ + T, {<!>,-+ C, (T,- T,) 


(93) 
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{d) Rankine Cycle with saturated steam. Figs. 265 and 266. 



Fics. 265-266 .—Rankine Cycke with SATUKArED Steam. 

Heat supplied 

“ </i - 'h + ^Vi = C, (Fi - Tj) ■+• r, {<k~ B.t.u. (94) 
Heat discharged (along e'e) 

- (9c'+ x^Pc-) - (9«+ Xcp,) = C„ (7V- ^’j). (9.S) 

In equation (95) Xc and arc best determined from the Tff> 
diagram. C, is what might be called the mean constant volume 
specific heat of the wet steam in the temperature range T^' to 2 \. 

Heat discharged (along cd) ^ {< 1 )^- <j>^ B.t.u. (96) 

The work done in the cycle is in (his case equal to the sum of 
the quantities in equations (95) and (96) subtracted from the heat 
quantity in equation (94). I'he efficiency may be written: 

Efficiency 

c, (r, - r,) + r, - 4,,)-'c, {t, - t,) - i\ (g^,- 4 >,) 
CJT,-T.)+TA<f>c-<l>,) , , 


An inspection of the areas developed will show that the Rankine 
cycle is less efficient than the Clausius cycle, since the work equiva¬ 
lent to the area c c' <f' is not obtained in the former cycle. 
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(e) Rankine Cycle with Superheated Steam. Figs. 267 and 268. 




Fics. 267-168. — Rankine CYri.E with Superheated Steam. 


Heat supplied 

9i ~ (^3~ Fj) 

Cl { 7 \ - 1\) + T, {<k - + C, (T,- T,) B.t.u. (98) 

Heat discharged (along c'c) + x^p^-) — ($„+ rv^jOc) 

^CAT,- T,) B.t.u. (99) 

Heat discharged along (rd) = T, {(p^- pa) B.t.u. (100) 


Work done is again equal to the sum of the heat quantities in 
cciuations (99) and (100) subtracted from the quantity in equation 
(98), and the efficiency equation in the final form will be 


Efficiency = i - 


CAT^~T,) + TAPe-p ,) _ 

C,(F, - rp + T,(Pi,- 4 >a) +CAT, - T,) 


(lOl) 


Note. In this cycle the point c\ Fig. 268, is of course not necessarily on the steam 
curve, as indicated. The steam at release may be either superheated, dry or satu¬ 
rated, or wet. The second of these cases is represented in the figure. 







CHAPTER XII. 

THE BJEASUREMENT OF LIQUIDS, GASES, AND VAPORS. 

i86. General Considerations. — The number of methods of meas¬ 
uring fluids is large. The choice of one or the other for any given 
case depends generally, first, upon the quantity of liquid to be meas¬ 
ured, and second, upon the relative accuracy of the several methods 
that are available. 

The methods in common use are by most authorities classed under 
two heads; positive and inferential. A positive method is one in 
which all of the liquid concerned in any given transaction is subjected 
to measurement, while by an inferential method only a certain part 
of the total quantity is measured. The ])roportion that this j)art 
bears to the whole must of course be known. Examples of positive 
methods are very common. To the class of inferential mcthofls 
belong the method of Brauer for measuring water (see p. 367) and 
the use of so-called proportional gas meters for large capacities. 
Generally speaking, positive methods are more accurate than in¬ 
ferential, because they obviate the error involved in determining the 
proportionality of the part subjected to measurement. Such methods 
should therefore be preferred; unfortunately, however, the size of 
the apparatus or appliances required in many cases limits their 
applicability. 

Another distinction that can be made between the various methods 
of measuring fluids is to class them as direct and indirect. The 
diflference lies in the fact that in some cases it is possible to determine 
the Mitire quantity of any flowing fluid by direct measurement 
(weighing or volume determination). In other cases, since quantity 
is a function of velocity of flow and of stream cross section, totd 
quantity may be found indirectly by determining each of these fac¬ 
tors separately. In the majority of cases direct method.s are more 
accurate than indirect, but, again, their field of application is 
limited to comparatively small rates of flow. 

356 
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Methods of Measuring Water or Other Liquids, 

187. Classification of Available Methods. — The various methods 
for measuring water may be enumerated in greater detail as follows: 

I. Actual weighing. May be positive or inferential. When used 
positively this is the most accurate method known. 

II. Measurement by means of orifices, such as weirs, nozzles, 
Venturi tubes, etc. The accuracy of these methods may be made 
almost anything by the care taken in arranging and calibrating the 
orifice. May be positive or inferential but generally used positively. 

III. Measurement by volume displacement. 

IV. Measurement by volume displacement in mechanical meters 
which are practically always hydraulic engines of some kind, being 
moved by all or a fraction of the liquid flowing through them. The 
motion is recorded automatically and the instrument is generally 
arranged to read cubic feet or pounds. Meters of different types 
have very different degrees of accuracy and even those of the same 
make and type often vary considerably among themselves and differ 
frt)m time to time. Where great accuracy is required this method 
is only jjcrmissible when all precautions have been taken to deter¬ 
mine the accuracy and constancy of the meter, or other vessel used 
to obtain volumes. 

V. Measurement by determining the average velocity of flow in 
a channel or pipe of known cross section. This method is essen¬ 
tially inferential because it is impossible to obtain the velocity of all 
the material flowing, measurements being taken at different points 
in the section and averaged. It is often the only possible method, as 
in the measurement of the flow of large rivers, and for such work it 
must be considered satisfactory. The devices used for determining 
the velocity are floats, tachometers, Pitot tubes, hydrometric pen¬ 
dulums, current meters, etc. 

I. measurement by weighing. 

188. Methods Used. — As already pointed out, weighing on cali¬ 
brated scales is the most accurate method known for determining 
quantity of w'ater. Its application is frequently limited by the 
failure of sufficient scale capacity. Where the quantities are greater 
than can be handled by the scales directly, recourse may be had to an 



3S8 


EXPERIMENTAL ENGINEERING 


indirect method of weighing by means of calibrated tanks. Such 
tanks, besides having the usual outlet in or near the bottom, should be 
furnished with an overflow pipe near the top to insure that the top 
level shall in all cases come the same. The best way to construct 
such an overflow pipe is to put the pipe through the walls of the tank, 
reaching to about the center, and to place an elbow on the end, which 
of course should turn up. This method of construction will make 
the top level come to the same height very quickly in all cases. Be¬ 
fore use, the tanks are calibrated by weighing into them smaller 
quantities of water until they are filled to tlic top level. This method 
is to be preferred to computing capacity by the dimensions. During 
use it is then merely necessary to keep a record of the number of 
times each tank is filled and emptied. Since this method is funda¬ 
mentally one of measurement by volume displacement it becomes 
necessary to record the temperature of the water used for calibration 
and of that used during a test, in order to make the necessary correc¬ 
tions for change of weight per unit volume should the two tempera¬ 
tures not be the same. 

In computing the size and number of tanks required to handle 
any given flow of water, we must consider the capacity of the supply 
main and the shape, location, and size of the outlet opening. The 
supply main capacity, together with the size of the tank, determines 
the time required for filling, while the time of emptying depends 
upon the size of the tank and the conditions at the outlet. 

The usual proceeding is to fix u[X)n the approximate size of the 
tank, since that is often determined by questions of room, of manu¬ 
facturing facilities, etc., and then to determine the necessary number 
of them by considering inlet and outlet conditions. In some cases 
of preparing for a test, tanks will be already on hand, and it then 
merely becomes a question of deciding whether they are large enough. 

The question of determining the necessary size of supply main 
for a given desired capacity will be taken up in Art. 218. The time 
allowance (for weighing, opening, and closing valves, etc.) that 
should be made over and above the actual time required for filling 
from a given main, depends altogether upon the kind of tank instal¬ 
lation, quality of help employed, etc., and its estimation must be 
left to the engineer. It might, however, be stated that it is not usu- 
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ally the filling but the emptying operation in which trouble may be 
encountered where large quantities of water are concerned. 

The time of emptying any prismatic tank (usual case) may be 
computed from the formula; 

T = seconds, (i) 

CF V2^ 

This applies to cases where the outlet is in the bottom, but can 
be applied with sufficient accuracy for approximate estimation in 
other cases. 

A ~ the uniform cross section of the tank in square feet. 

yi — water level at the beginning, and y, = water level at the end 
of the emptying operation. Both distances are measured 
in feet alxjve a certain datum line, taken at the center of 
tlie outlet orifice, if that should be located in the side, or 
at the bottom of the tank if the outlet is located in the 
bottom. In any practical case the tank is usually emptied 
as completely as the location of the orifice permits, in 
which case y, -- o. 

C = the coefficient of discharge of the outlet orifice. 

F - the area of the orifice in square feet, and 

g - 62 . 2 . 

The only factor in the above equation requiring judgment in 
assuming it properly is the coefficient C. Its value can be affected 
in a multiplicity of ways. Usually there will be a short nipple lead¬ 
ing out of the tank, the outlet being controlled by a globe or gate 
valve. The nijiple ma}' be flush with the walls of the tank or pro¬ 
ject to a certain extent. Type of valve, length of pipe, and inside 
projection arc all factors which affect C. Its value may be anything 
from about .55 to .97 or .98, depending mainly upon conditions at 
the entrance. For details see Art. 191. In general, a well-rounded 
(bell-mouth) orifice, flush with the inside walls and with a short 
tube leading to the valve, gives the most favorable conditions. A 
certain reduction, upon wffiich there is, however, no definite data, 
should be made for the coefficient C that would normally apply to 
a given orifice for the effect due to valves. A gate valve is in this 
respect preferable to a globe valve, as it offers much less resistance 
to the flow. 
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Allowing the outlet pipe to project beyond the inside walls of the 
tank causes a decrease in the value of C. Sometinaes, however, 
especially in the use of calibrated tanks, it is found desirable to 
locate the loweir level quickly or very accurately, and it will be found 
that an elbow secured to the inner end of the outlet pipe, and turned 
either up or down, helps mat ters in this respect very much. Of course 
the value of C experiences a still further decrease by this proceeding. 

The arrangement of tanks of course varies with the conditions of 
use. For the specific case of boiler supply it will in general be found 
best to have the weighing or calibrated tanks discharge into a tank 

on a lower level, from which the feed 
pump draws. A convenient arrangement 
for more than two tanks is to jdace them in 
an arc of a circle around the supply pipe 
and to have a single swing pipe which 
can be brought over each tank in turn. 

For small work a convenient form of 
calibrated tank used at Sibley College 
is illustrated in Fig. 269. The round 
tank is divided by a partition which has 
an overflow notch near the top. As one 
side fills the other side is emptied and 
the valve on that side closed. When the 
overflow begins, the swing supply pipe is shifted to the empty side, 
time is given foi the overflow to cease, and the first side can then 
be emptied and made ready. 

189. Sources of Error in Weighing, — For accurate work the 
scales should be calibrated. All valves, connections, and vessels 
should be free from leaks on the delivery side, as a considerable 
quantity of liquid can escape from what seems to be an insignificant 
opening. 

Evaporation sometimes causes errors of considerable magnitude. 
With water at ordinary temperatures it may be neglected, but at a 
temperature above i5o°F. it is best to keep all vessels covered. 
Some of the oils and alcohol may cause trouble in this way at ordi¬ 
nary temperatures and this possible source of error should always 
be recognized and guarded against when necessary. 
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II. MEASUREMENT BY USE OF ORIFICES. 

The general term “ orifices ” is in this case intended to cover sub¬ 
merged orifices, nozzles, weirs, and Venturi tubes. 

190, Submerged Orifices. — These orifices are in nearly all cases 
circular in cros.S section, and circular orifices will be the only ones 
here considered. 

In the flow of water or other liquids the particles are urged on¬ 
ward by gravity, or an equivalent force, and move with the same 
velocity as bodies falling through 
a height equal to the head of liquid 
exerting the pressure. If this head 
in feet be represented by h, Fig. 

270, and the corresponding veloc¬ 
ity in feet per second by V, we 
liave, neglecting friction losses, 

U = V 2 gh. (2) 

If wc denote the area in sijuare 
feet of the discharge orifice by 
h\ the (juantily dischargi'd in cu¬ 
bic feet per second by Q, then, 
theoretically, 

<2 - yp - p (3) 

It is found, however, in the actual discharge of liquid, that, except 
in rare cases: i. the actual velocity of discharge is less than the 
theoretical; 2. the area of the stream discharged is different from 
the area of the orifice through which it passes (/different from F). 
These losses arc corrected by introducing coefficients. The coefficient 
of velocity is the ratio of the actual to the theoretical velocity, and is 
represented by Cv. The coefficient of contraction is the ratio of the 
least area of cross section of the discharged stream to the area of 
orifice of discharge, and is denoted by Cc. The coefficient of efflux 
or discharge is the product of these two quantities, and is represented 
by C. The theoretical velocity T'’ is attained most nearly at the 
minimum section of the stream in contact with air and the formulas 
are based upon the assumption that the maximum velocity is at¬ 
tained in this section. Hence the necessity of the contraction 




362 


EXPERIMENTAL ENGINEERING 


coefficient. The coefficient of velocity is very nearly unity for any 
smooth orifice and becomes of importance only when the liquid 
flows for a considerable distance over rough surfaces. 

The actual discharge, then, becomes 

= CQ == CVF = CF s/Vgh cu. ft. per sec. (4) 

If Va denotes the actual velocity of discharge, we shall have 

= c. vrgh. (5) 

The coefficient C, may be determined by experiment; it is nearly 
constant for different heads with well-formed simple orifices. 

191. Value of the Coefficient C. — In practice it Ijecomes necessary 
to determine the coefficient C by actual experiment, unless a standard 
calibrated orifice is available, according to which another for use 
can be made. For accurate work it is doubtful if even this pro¬ 
ceeding is justified on account of the difficulty of duplication. Where 
the head under which the flow takes place varies widely, it further 
becomes necessary to determine C for various values of h, as the 
constant may vary slightly with the head for the same orifice. 

As already |x>inted out, C for various orifices varies over a rather 
wide range, depending mainly upon conditions at entrance. The 
following figures show what values may be expected under the 



Fig. 271. 


different conditions likely to be en¬ 
countered. 

The constants for the orifice in thin 
plates (under a) are those comf>iled by 
F. Van Winkle in an article in Power* 
while those under {h) are taken from 
Hiitte and are originally due to Weis- 
bach, 

{a) Orifices in thin plates, sharp 
edges. 

By this is meant either an orifice in a 
thin plate, or, if the wall is thicker, that 
the inner edges are so sharpened that 
no other part of the wall interferes in 


the stream filaments fsee Fig. 271). This is probably the best 
type of standard orifice for water as long as the edges are unim- 


* Power , Aug. 25,1908. 
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paired, because any wall effect is eliminated. The constants in the 
following tables apply to cases where there is complete contraction, 
and they may also be used for orifices in the bottom of vessels. 


C:OEFFICIENl'S OF DISCHARGE FOR ROUND VERTICAL ORIFICES 

IN THIN PLATE. 


Head m ' 

Diameter of Orifice in Feet, 

Feel 

0.0a 

0.04 

0.07 

0.10 

0 . 2 

0 (i 

1 . 0 

0 6 

0.65 

0.63 

0.62 

0 . 61 

0.60 



0 8 

0.65 

0.63 

0,62 

0 61 

0.60 

0 59 


1.0 

0.64 

0.62 

0,61 

0 6i 

0.60 

0.59 


2,0 

0.63 

0.6r 

0 61 

0.60 

0.60 

0 60 

0 60 

4 0 

0.62 

0 61 

0.60 

0.60 

0 60 

0. (x> 

0.60 

6.0 

0.62 

0.61 

0 60 

0.60 

0 .^X 5 

0 60 

0.60 

20.0 

i 0 60 

0 60 

0.60 

0.60 

0.60 

0 f>0 

0 50 

100.0 

0 ' 5 ') 

1 0.59 

0 59 

0 

0 50 

0 50 

0 59 


('OKFFICTENTS OF DISCHARGE FOR SQUARE VERTICAL OPENINGS 

IN THIN PLATE. 


Head m 

Side of S<jaaje ni Feet 

Feet 









0.02 

0 04 

0 07 

0 I 

0 2 

0 6 

r . 0 

0 0 

0,00 

0 64 

0 O2 

0 62 

0 Oi 



0.8 

0 0!^ 

0.63 

0 O2 

0 62 

0 61 

0 ( k > 


1 0 

0 O5 

0 O3 

0.62 

0 Oi 

0 Oi 

0 60 

0.60 

2 0 

0 O4 

0 62 

0 61 

0 61 

0. Oi 

0 ()0 

0.60 

4 0 j 

0.63 

0 6i 

0 61 

0 Oi 

0 6 t 

0 (>o 

, 0 60 

6 0 

0 O2 

0 Oi 

0 Oi 

0.61 

0.60 

0 Oo 

0.60 

0 

0 

0 61 

0 Oo 

o.Ck) 

0 60 

^ 0 (x? 

0 fX) 

0 60 

TOO 0 

0.60 

0 60 

0.60 

0 60 

0 ()0 

0 Oo 

0 Oo 


COEFFIC IENTS OF DISCHARCH: FOR RECTANGULAR VERTICAL 
ORIFICES ONE FOOT WIDE IN THIN Pl.ATE. 


Head in 
Feet 



Dei>tli of Onfitc m Feet 



O.us j 

0 25 

0 <>o 

0 7*; 

1,0 

1 '» 

7 .0 

0 0 

0 

0.63 

0.62 

0 Oi 




0.8 

0 63 

0.63 

0.62 

0 Oi 

0,61 



1.0 

0 63 

0.63 

0.62 

o.Oi 

o.6r 

0.63 


2.0 

0.63 

0.63 

O.O2 

0,61 

o.6x 

0 63 

0.63 

4 0 

0.62 

0.62 

0 61 

0.61 

0 61 

0.61 

0 62 

6 0 

0 62 

0 .62 

o.6f 

0.60 

0.60 

o.6i 

0.61 

TO.O 

o.Oi 

0.60 

0.60 

0.60 

0.60 

0.60 

o.Oo 





0.60 

0.60 

0,tK> 

0.60 
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{b) External mouthpiecet. or ajutages, perpendicular to walls. Area 
F in formula always that corresponding to diameter d in the figures. 



Fig. 272. Fig. 273. 

Shape of Fig. 272: 

Angle <?= 0° 51 ° ii|° 22^° 45° 67^° 00° 

Edge a strongly 


chamfered, 

C 

- -b? 

•95 

.92 .88 

•75 -bS -63 {1 - 3 d) 

Edge a sharp, 

C 

= .83 

•94 

.92 .85 

(/ - 2.6 d) 

Shape of Fig. 273: 







1 

- 1 

2-3 

12 d 


Edge a sharp, 

C 

= .88 

.82 

•77 


Edge a slightly 






rounded. 

1 

-= 3 d, 

C = 

■ .90. 



Edge a strongly rounded (bell mouth), 

I ^ 3d, C - .97. 

Shape of Fig. 272, exce[)t that flow is in opposite direction: 

Angle cl -- 0° 22^° 45° 671° Qo° 

C ■ .54 .55 .58 .60 .63 (/ - 3 d) 



t 274 Fig. 275, 


Shape of Fig. 274 (bell-mouth orifice): For / = .6 d, C » .96 - 1,00, 
depending u[X)n smoothness of walls. 

Shape of Fig. 275: Depending ujjon length of piece and velocity of 
efflux, C may be from .96 to 1.5, referred to smallest cross section. 
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192. Method of Calibrating an Orifice. — The method of deter¬ 
mining the constant C is a very simple operation. Means must be 
provided for weighing the liquid, while the rest of the work consists 
principally of determining the head h. The orifice must be care¬ 
fully measured in order to determine F accurately. Runs should be 
made under various heads, and curves drawn between coefi&cient C 
and head h, to properly exhibit the relation. 

Since accurate scales are a necessity for calibration, the ques¬ 
tion sometimes arises as to whether it would not be better to 
use scales throughout and to discard the orifice. The advantages 
of the use of an orifice over weighing are, however, manifold. An 
orifice, when properly cared for, needs to be calibrated only once, 
and the relation of constant C to head h can be used with con¬ 
fidence at any time thereafter. The labor involved in making 
measurements is much less than with weighing, since only one 
reading, that of the head, is required for each determination. 
Further, it is much easier to transport an orifice from place to 
place than it is to handle scales or meters. Finally, there is 
the jxissibillty, by duplicating orifices and operating them in par¬ 
allel, of measuring quantities of liquid far beyond ordinary scale 
capacity. 

Regarding the latter jxjint, care should be had to note that the 
several orifices are not too close together, since they may influence 
one another. The head over an orifice should be such that the sur¬ 
face of the water is not affected by the flow and there should be room 
around each orifice equivalent to at least the square of ten times 
the orifice diameter to prevent mutual interference. 

The head on an orifice is measured to the center of the section of 
least area of orifice. The head h is always expressed in feet, since 
g in formula (4) is in feet. It may be measured directly, or, where 
the heads are high, it may be determined by means of a gauge or 
other manometer. In the latter case, pounds pressure per square 
inch or inches of mercury must be transposed to equivalent head 
in feet of water for substituting in the formula. For quick con¬ 
version, the following table may be of service: 
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TABLE SHOWING RELATION BETWEEN PRESSURE EXPRESSED IN 
POUNDS, AND THAT EXPRESSED IN INCHES OF MERCURY 
OR FEET OF WATER. 


Pressure in 
Pounds per 
Sq. In. 

to°h' 

Inches of Mer¬ 
cury. 

Feet of Watci. 

Inches of Water, 

1 

2.0378 

^•307 

27.68 

2 

4 0756 

4 614 

55 36 

3 

6.1134 

6.021 

83.04 

4 

8 0512 

9 -^3 

110 72 

5 

lO. lS ()0 

11-54 

138 40 

6 

12.2268 

1,5 

166.08 

7 

14.2646 

J6 15 

193 76 


16.3024 

i8 4(> 

221.44 

9 

18.3402 

20.76 

249. 12 

10 

20 3781 

23 07 

276.80 


Where any other liquid than water is concemcci, and h is measured 
directly, equation (4) will give the correct result in cubic feet dis¬ 
charged jier second. To convert this into weight requires a knowl- 
xlge of the specific gravity of the liquid at tlu* temperature of test. 
When the head is measured by means of a pressure gauge, the head 
h to be used tn the formula must be the height in feet of a column uj 
the liquid concerned which will exert the pressure per square inch 
shown by the gauge. 

Most liquids other than water change specific gravity (weight per 
cubic foot) considerably with temperature, .so that the influence of 
the temperature factor cannot always be left out of account. Even 
the specific gravity of water, contrary to a general assumption, varies 
enough to cause considerable error in some cases if terajieraturc 
differences are neglected. 

Thus, water at 40 degrees weighs 62.42 pounds per cubic foot; at 
150 degrees its weight has decreased to 6r.i8 pounds per cubic foot. 
(See Kent, p. 688.) 

193. Use of Orifices for Measuring Continuous Flow. — In prac¬ 
tical work, orifices are not as much used for measuring continuous 
flow as the simplicity of the method would seem to warrant. The 
reason probably is that in one respect at least this simplicity is more 
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apparent than real, that is, with reference to determining the head h. 
For widely varying rates of flow the determination of the average 
value of V/t is not easy, unless a device recording the variations 
continuously be employed. This fact at once restricts the use of 
the method to cases in which 
h is fairly constant. The 
proper arrangement of baffle 
plates to obtain still water 
around the orifice is impor¬ 
tant. (See Fig. 276.) 

There is a method of orifice 
measurement, due to Brauer,* 
which avoids the necessity of 
noting the head h, and which 
is capable of being used for 
large capacities and varying 
rates of flow. Suppose that 
the vessel is fitted with two 
orifices of exactly the same proportions but of different diameters. 
Then the quantities of water flowing will be directly in the 
ratios of tlie areas of the two openings. This assumes that the 
constant C is the same for the two orifices for the same head^, 
which is true within the other errors of measurement. It then 
becomes necessary merely to weigh or otherwise determine the 
quantity of liquid flowing through the small opening, when the 
quantity flowing through the other is found by simply multiply¬ 
ing by the ratio of tlie areas. This scheme is capable of easv 
expansion of capacity by using several large orifices in parallel, the 
quantity of liquid subject to actual weighing remaining the same in 
all cases. The accuracy of the scheme depends directly ujxm the 
degree of accuracy with w'hich the diameter of the small orifice is 
determined. The error made here can easily exceed allowable limits. 
Thus, if the small orifice is called .25 inch in diameter and is really 
only .24 inch, the area of the small orifice will be brought into the com¬ 
putation about 8 per cent too large, making the multiplier to obtain 
the quantity flowing from the orifice too small by about the same 
* Zeitschrift des Vereins deulsUier Iiigenieure, 1892, p. 1493. 
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Fig, 276. 
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percentage. Errors of this magnitude are not usually permissible 
and the computation points out the necessity of accurately deter¬ 
mining the diameter of the small orifice. 

194. Measurement by Means of Nozzles. — The term nozzle 
usually refers to a conically convergent mouthpiece of the type shown 
in Fig. 272, screwed to the end of a hose or pipe. In the majority 
of cases, however, the length of the nozzle is greater than two to three 
times the smallest diameter, for which proportions the constants ac¬ 
companying Fig. 272 are given. In other cases the nozzle may come 
within these proportions, and even an orifice in thin plate, when 
fastened by means of a cap to the end of a pipe, is commonly termed 
nozzle. From the foregoing it will be seen tlial the quantity of 
liquid discharged by a nozzle can be computed by equation (4); 

that is, ,- 

Q ^ CFV2 gh. (6) 

The area F is the smallest cross section of the nozzle, in the ordi¬ 
nary type located at the extreme end. The head h is determined by 

a pressure gauge, the read- 
ing of the gauge being re- 

- ducod to feet. Note that 

11 —^ i i. 1 must be meas- 

! i / \ 

■ ^ I . c-- smallest cross section of 

j nozzle. Thu.s, in Fig. 

; _((—-• fy 277 (I, tlie distance A'is to 

\ / j ^ be added to the head 

j I ! ^ shown by the gauge, while 

U. X. Pjg 2‘]’ih, the distance 

“ „ h' should be subtracted to 

Fifi. 277. 

get the true head. 

The coefilcient of discharge C is again the product of the velocity 
coefficient C* and the contraction coefficient C„. In nozzles of some 
length as compared with the diameter at the end, the constant is 
likely to be considerably affected by the conditions of the walls. 
Since the constant also varies considerably with the angle of con¬ 
vergence, no general figures for the constant for such nozzles can be 
given and the only accurate method is to calibrate. The general 


Frci, 277. 
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directions given on page 365 for calibrating an orifice also apply in 
this case. 

195. The Venturi Tube or Venturi Meter for Measuring Water or 
Other Liquid. — The Venturi tube is in principle nothing but an 
orifice placed in a pipe and through which the liquid to be measured 
is forced. The contracted passage increases the velocity of the liquid 
and causes a pressure loss, converted into velocity. This pressure 
loss may be measured, and since it is a function of the velocity, we 
are enabled to compute velocity and thus to compute the rate of flow 
through the pipe. 

The Venturi tube as now built is shown in cross section in Fig. 278. 
It consists in reality of two convergent nozzles placed end to end with 
the smaller ends joined. 

The end through which 
the water enters is usually p 
called the “upstream 
end,” the other is desig¬ 
nated the “ downstream 
end,” while the section of smallest diameter is known as the 
“ throat.” For measuring water it is desirable to have the throat 
area of such a size that the velocity through it shall be between the 
limits of 15 and 35 feet per second. The upstream end and the 
tliroat section are surrounded by pressure chambers, with which the 
respective sections communicate by means of a number of small 
openmgs. as shown. Gauges or other manometers connected to 
these chamljers will then indicate the pressure heads at the sections, 
or by connecting the chambers to the two ends of a U-tube manom¬ 
eter, the reading of the latter will indicate the loss of pressure head 
between the upstream section and the throat. 

The equation for the tube is best developed on the basis of Ber- 
nouilli’s theorem, which states that (he total energy of a steadily flow¬ 
ing stream remains constant except for friction losses. 

In Fig. 279, let the pressure heads shown by the manometers at the 
up- and downstream section be Hi and H^, above a certain hori¬ 
zontal plane, as indicated. The downstream section is usually 
made equal to that upstream, so that will only differ from if, by 
the friction in passing through the tube, assuming the latter hori- 



Fig. 278.—Venturi Tube. 
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zontal. The pressure at the throat may be anything, depending 
mainly upon the relation between the upstream and throat areas. 
If positive, it will be represented by some pressure head II if nega¬ 
tive (that is, if a vacuum), it will sustain a water column In that 
case the value of 11 ^ becomes 11 - h^, in which H is measured as 
shown in Fig. 279. 

Let the velocity in feet per second upstream be 7 „ that at the 
throat be Fj, then according to the theorem cited, equating total 



energies, we can write for the ii])stream and throat sections, assum¬ 
ing the tube horizontal, and the datum plane to coincide with Ae 
axis of the tube, so that H = o, 

2 g 2 g ' 

In this equation —represents the velocity head equivalent to a 

velocity V, while II/ is the head lost by friction between the up¬ 
stream and throat sections. Note that all terms of the equation are 
expres.sed in feet, and that if the pressure heads are measured either 
by gauge or by mercury manometer the readings must be reduced 
to feet of water. 

Herschel, in his experiments, showed that the loss of head II/, due 
to friction, is very small in a properly made tube, and can be taken 
care of in the final formula by a coefficient. For the present, there- 
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fore, Hf can be neglected. Further, if =» the area in square 
feet of the upstream section^ and Ft the area of the throat section, 
we must have 


from which 


Y ^ Li y 

A tx 


Substituting this in equation (7) and neglecting Ilf, we have 
/F. I r* 

\I\ V 2g 2g 

or, solving for the throat velocity, 

F 


^ \ F 


jfi S ~ ft. per sec. (8) 


lu^uation (8) is then modified by a coefficient (C) to adapt it to 
actual conditions. 

The flow through the pipe may then be directly computed from 
CF,F„ , - 

Q -= CFtV^ - ^ ^ "■ fl- per sec. {9) 

In practice the pressure pij)e& leading from the two pressure 
chambers are connected to the two legs of a manometer, thus de¬ 
termining { 11 , — IF) directly. Note that the measuring liquid in 
the manometer must be heavier than water. Mercury is the liquid 
best adapted, but where small-pressure dilTercnces must be deter¬ 
mined, cither some multiplying form of manometer must be used, or 
a liquid only a little heavier than water, but which will not mi.v wdth 
water, can be employed. Note also that the connections leading to 
the manometer must be free from tra])i)cd air. 

Herschel’s experiments to determine the constant C gave values 
varying from .94 to 1.04. Out of fifty-live experiments, only four 
gave a value greater than i.oi, and only two a value less than .96. 
The tube experimented with had an upstream diameter of close to i 
foot, w'hile the throat diameter was close to 4 inches. It seems from 
this that for ordinary work the coefficient C may be taken = i.o. 
For more accurate w'ork, of course, the tube requires calibration. 
The tube diameters should be carefully measured, as errors made 
with regard to them affect the result in the square. 
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C = i.oo exactly if |(ifi — 1 /*) is deducted from (i?, — Hj), so 
accounting for the friction head Hf between upstream and throat 
sections. 

This form of meter is very satisfactory and can be built to fit any 
commercial size of pipe. It is not subject to appreciable wear and 
cannot be easily damaged by any foreign substances carried by the 
liquid. 

For best results the liquid must be free from mechanically en¬ 
trained gas and must have fairly constant temperatures. It is 
possible to meter the liquids at widely differing temperatures by 
making allowance for changes in size of meter and density of liquid. 

For comparatively brief tests and where the flow does not differ 
widely, the difference (/f, — /Zj) may be noted at slated intervals. 
Where the pressure differences vary considerably it will be more 
accurate to find the average of the square roots of (iZ, — ZZj) than 
to find the square root of the average difference. 

196. The Flow of Water over Weirs. — A weir, or weir notch, is 
j)rimarily a dam or obstruction over which the water (or other liquid) 
is made to pass. The head of water producing the flow is the verti¬ 
cal distance to the surface of still water from the center of pressure 
of the issuing stream. The depth of water over the weir is measured 
vertically from the surface of still water upstream to the level of the 
bottom or sill of the notch. It should be noted that this depth is 

usually referred to as the head on the 
weir and is the factor generally de¬ 
signated by h or H in most weir 
formulas. 

Rectangular Weir. Theoretical 
Equation. —Any small particle of 
water at a distance y, Fig. 280, 
below the surface of the stream has 
imparted to it a velocity V = V2gy. This is the velocity possessed 
by the narrow vertical plane of height dy and of length h, where h is 
the width of the weir notch. Hence the volume of water discharged 
through the infinitesimal orifice hdy will be 



Q — bdyV — hdy v 2gy, 


(10) 
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Integrating between the limits y ~ o and y ^ wt will have 

Q = 6 I 6 V 2gh^ cu. ft. per sec. (11) 

Note that in equation (ii) b and h must be measured in feet. 

Now it has been found that, due to various causes, the actual 
quantity of water discharged by a weir of given proportions is less 
than that found by equation (ii). Hence the introduction of a 
coefficient C, and the practical form of the equation is then 

Q ^ Cb V2 gh? cu. ft. per sec. (12) 

This coefficient for small and accurate work should always be 
determined by calibration, but for larger work this proves in many 
cases impossible, and it will then have to be assumed upon the basis 
of other experiments. This makes it important to look into the 
causes influencing the value of C. 

The causes operating to make C 
less than unity are primarily the 
following: 

The depth of water (y) over the 
crest is less llian the head /i, meas¬ 
ured to still water, see Fig. 281. 

Contraction also takes place on 
the under side of the stream at a, if the stream is free (aired) under¬ 
neath. If weir measurements are to be accurate and consistent, 
care should always be taken to see that tlx: stream is free under¬ 
neath after passing the notch, and does not in any way adhere. 

Contraction of the stream sidewise (side or end contraction) may 




PUAN VIEW PCAN VIEW 

FT(t 282 —Showing Side or End FiCr 283 —Weir with Side or End 
Contraction in Weirs Contraction Suppressed 


also occur, Fig. 282, which further decreases the actual flow, unless 
these contractions are suppressed, as in Fig. 283. 
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Another factor strongly influencing the value of C is the velocity 
of approach. If the water has considerable velocity as it approaches 
the weir, C will be increased. This effect is connected with the 
relation between the total depth of the channel ll and the head h, 
Fig. 281. 

WTiile the suppressing of end contraction may increase the value 
of C, it should also be remembered that for small weirs this sup¬ 
pression may bring the side walls so dose that the friction of the 
water against them begins to affect the discharge. It must be evi¬ 
dent from the foregoing that there is rather wide latitude in the 
choice of the value of C, and that all conditions of use of the notch 
must be definitely known before an intelligent choice can be made, 
if no calibration is possible. 

From experiments made at Lowell, Mass., J. B. Francis concluded 
that the effect of end contraction could be taken into account by 
subtracting from b, the width of the crest, an amount equal to one- 
tenth of the head h over the weir. If n --- the number of end con¬ 
tractions, his formula reads, 

Q = I C {b - .1 nh) 's/2^/i“ cu. ft. ])cr sec. (13) 

For the ordinary rectangular notch, since w = 2, this rc'duces to 

Q - I C {b - .2 h) \/ 2glf -= 5.3 C {b - .2 h}h^ (14) 

Francis found the value of C in his exjxiriments close to .62. 

If there is considerable velocity of approach, it must be corrected 
for. This can be done on the consideration that the velocity head 


where V' -= velocity of approach in ft. per sec., the value of which can 
be approximately determined at first by dividing the flow, as com¬ 
puted by ordinary formula, by the cross section of the weir channel. 

Church (“ Mechanics of Engineering,” Art. 501) shows that taking 
into account the velocity of approach, but disregarding the con¬ 
tractions, the eejuation for the rectangular weir l)ecomes 

Q “ I s/Tg [(A -Jr h')\ ~ //T]cu. ft. per sec. (16) 

With the Francis correction for contraction, the final form of the 
equation then is> 
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Q==^\C'^2g{h — .1 nh) [{h + h')' — //’] cu. ft. per sec. (17) 
This complete equation is little used; instead equation (14) is 
used, and changes are made in C to account for the effect of veloc¬ 
ity of approach. See the discussion below regarding the value of C. 

The variation of C has been studied by a number of experimenters, 
and the results of these made by Ck)stel, Poncelet, Lesbros, Francis, 
Ftely-Stearns and by Frese were collalx>rated by the latter in the 
Zeilsrhrifl des Vereim deutscher Ingenieurr, i8()o. Later work by 
Hansen has confirmed Frese’s conclusions.* These were as follows: 
For weirs without end contraction, — 




= .615 -f 


.0021 

h (metens) 


or 0.615 -I- 


0.00064 
li (feet) 


This constant Cj may be used directly in connection with equation 
(12). Where the velocity of approach is considerable, however, 
(say for small weir greater than ft. jier sec.), C, must lie multiplied 
by another factor r > i, to allow for the increased discharge. Frese 
found this factor to be 


£ 


= I + -55 



so that 


C - C.£. 


For the significance of h and H, see Fig. 281. 


Example: In a weir without end contraction, suppose h 
Find C to be u.sed in formula (12). Then 
., ^ , 00064 

C. ^ .(,,5 

So that the roefhrient C finally ,616 X 1.022 .629. 


.50 feet and H 2.5 feet. 


.616, and c ~ I + .55 




** 1.022. 


Weirs with Full Contraction. —This case is more complicated 
than the other because the degree of side contraction depends upon 
the relation between width of notch and total width of canal. Wher¬ 
ever possible it is therefore best, on the score of accuracy, to suppress 
the end contractions. Where this cannot be done, have the canal 
of such a size that both the velocity of approach and the influence 


* Anotlier paper containing an extended discussion of weir formulas is containefl 
in “ Water Supply and Irrigation ” Paper No. 200, XT, S. Geol. Survey (R. E. Horton). 
This touches upon the moat important investigations, with the exception apparently of 
those of Frese. 
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of the side walls upon the contraction can be neglected. For such 
conditions Frese gives 


or 


Q = .576 + 
0.576 + 


.017 


•075 


A (meters) + .18 h (meters) + 1.2 
0.0052 0.0023^ 


h (feet) +0.59 b (feet) + 3.9 

This value of Cj again applies to equation (12). 

For the case where the canal has a width B and a depth H and 
neither the velocity of approach nor the effect of the walls can be 
neglected, the above coefBcient C, must again be multiplied by a 
factor 

• 0.375 . 


I + 


in which 


s' — ,025 4 - 


(IJ 


•f .02 


The coefficient for equation (i 2) will then again be 

C = C.e. 

Example: Assume A =■ 1 fcx)t, 6 ■=« 5 feet, 7 / = 4 feet, ami B - 10 feet. Find C 

o 0052 0.0023 

1 + 0.59 5 + 3-9 * 


Cl ^ .576 -f 


. 5»4 


e'«« 0.025 -f- 


0-0375 


0.479 


e ‘ 


, I -f 


ay + 0.02 


.584 X 1.034 =- .604. 


Weir notches having shapes other than the rectangular have some¬ 
times been employed. The principal ones among these are the 
triangular notch and the trapezoidal (Cip}X)Ietti) notch. 

Triangular Weir Notch. —The triangular weir has the advan¬ 
tage that the cross section of the stream is geometrically similar in 
form whatever the value of h. Hence the discharge coefficient is 
very regular in its variation and is more nearly constant than for 
other forms of weir. It has been found * that C for a triangular 

weir varies with h by the function C — m + , m and n depend- 

* Strickland, London Engineer, Oct. a8, igio, p. 598. 
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ing upon the angle of the notch and upon conditions of approach. 
The triangular weir with an acute angle of opening is peculiarly 
well fitted for the measurement of small 

flows. For large values of d Fig. ^_h_ 

284), say about 135 degrees, researches \ — --i: 7 i ! 

on the value of C are as yet lacking. 'p ==——t ' * i 

In Fig. 284, 0 is the angle of opening, V I_"_ / 1 

h the width of the crest for any head h. ^ 

As in the case of the rectangular weir, " j 1 

the velocity that any small particle of Vt / | 

water has at a distance y below the sur- V / 1 

face is V.->_ 

V — 2 gy ft. per sec. (18) 

If b' represents the w’idth of tlie notch at the head h — y, and dy 
the thickness of the filament of water at h — y, the quantity dis¬ 
charged will be 

Q = b'dy gy cu. ft. per sec. (19) 

b d 0 

But T = 2 tan -, from which b = h 2 tan -, and similarly 

ft 2 2 


{h — y) 2 tan - • Hence 


* ^ n 

2 tan - (« 

2 


y) (Jy v^2 gy 


r (h - y) 

2 0 


V 2 gydy 


2 g tan cu. ft. per 


For practical use this equation is of course again adapted by intro¬ 
ducing the coefficient C, so that 


Q = 2 g tan^A® cu. ft. per sec. 

If the angle at the apex = 60 degrees, 

tan 30® «* -5773, and Q = 2.46 Ch^ cu. ft. per sec. 


(21) 

(22) 


If the angle « 90 degrees, 

tan 45® “ 1.00, and Q - 4.28 Ch^ cu. ft. per sec. (23) 

Trapezoidal Notch. —To avoid the corrections for end contrac¬ 
tion, Cippoletti m 1886 proposed the use of a trapezoidal notch of 
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such dimensions that the area of the stream flowing through the 
triangular portion at the sides should be just sufficient to correct for 
the contraction of the stream in a rectangular weir. The proportions 
of such a weir, in terms of the length at bottom of the notch, are as 
follows: height equal to six-tenths the bottom length, width of top 
equal to the bottom jflus one-fourth the height, added to each .side; 
the tangent of the angle of inclination of the sides equal to 0.25. It 
is asserted that such a weir will give the discharge with an error less 
than one-half of one per cent. The formula for the u.se of such a 
notch would be simply 

<3 = 1 Cbh ^2^/2 = 3.33 hh^, (24) 

assuming that C =- .62, and that the opening of the sides does truly 
compensate for variation of C. 

197. Methods of Measuring the Head over Weirs. — The head 
in all cases is to be measured at a distance sufficiently back from the 
weir to insure a surface which is unaffected by the flow. The channel 
alx)ve the weir must be of sufficient depth and width to secure com¬ 
paratively still water. The addition of baffle-plates, some near the 
surface and some near the bottom, under or over which the water 
must flow, or the introduction of screens of wire netting, serves to 
check the current to a great extent. Such an arrangement is some¬ 
times called a tumbling-bay. 

The object of the baffle-plates is to secure still water for the ac¬ 
curate measurement of the height of the surface atove the sill of the 
weir. The same object can be accomplished by connecting a box 
or vessel to the water above the weir by a small pipe entering near 
the bottom of the vessel; the water will stand in this vessel at the 
same height as that above the weir, and will be disturbed but little 
by waves of eddies in the main channel. The height of water is 
then obtained from that in the vessel. Profcsst)r I. P. Church has 
the connecting-])i]je pass over the top of the vessel and arranged 
so as to act as a siphon. 

The accurate measurement of the head is of the greatest impor¬ 
tance in weir measurements and careful work is necessary in all cases. 

The Hook-gauge .—This consists of a shar|)-pointed hook at¬ 
tached to a vernier scale, as shown in Fig. 285, in such a manner that 
the amount it is raised or lowered can be accurately measured. To 



t 


MEASUREMENT OF LIQUIDS, GASES, AND VAPORS 379 

use it, the hook is submerged, then slowly raised to break the sur¬ 
face. The correct height is the reading the instant the hook pierces 
the surface. To obtain the head of water flowing over 
the weir, set the point of the hook at the same level as 
the sill of the weir. The reading taken in this posi¬ 
tion will correspond to the zero-head, and is to be 
subtracted from all other readings to give the head of 
the water flowing over the weir. 

In some forms of the hook-gauge the zero of the 
main scale can be adjusted to correspond to the zero- 
head, or level of the sill of the weir. 

A type of hook-gauge used by Professor Frese has 
three points instead of one, all three being arranged 
in a right line. The instrument is so constructed and 
so set that two of the points pierce the water surface 
from below, as in the ordinary type, while the third 
(middle) one must touch the surface from above. 

Floats. —Floats are sometimes used. I'hey are 
made of hollow metallic vessels, or painted blocks of 
wood or cork, and carry a vertical stem; on the stem 
is an index-hand or pointer that moves over a fixed 
graduated scale. 

198. Conditions Affecting the Accuracy of Weirs. — 

I. The weir should be preceded by a straight channel of 
constant cross section, with its axis passing through the 
middle of the weir and perpendicular to it, of sufficient 
length to secure uniform velocity without internal agitation or eddies. 

2. The opening itself must have a sharp edge on the upstream 
face, and the walls cut away so that the thickness shall not exceed 
one-tenth the depth of the overflow. 

3. For complete contraction, the distance of the sill or bottom of 
the weir from the bottom of the canal should be at least three times 
the depth on the weir, and the ends of the sill should be at least twice 
the depth on the weir from the sides of the canal. 

4. The length of the weir perpendicular to the current should 
be about three or four times the depth of the water. 

$. The velocity of approach should be small; for small weirs 



Fig. 285. 
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it should be less than 6 inches per second. Where this condition 
does not obtain, proper correction should be made. 

6. The layer of falling water should be |)erfectly free from the walls 
below the weir, in order that air may freely circulate underneath. 

7. The head on the weir should be measured with accuracy, at a 
point back from the weir unailected by the suction of the flow and 
by the action of waves or winds. 

8. The sill should be horizontal, the plane of the notch vertical. 

199. Effect of Disturbing Causes and Error in Weir Measure¬ 
ments. — I. Incorrect measurement of head. This may increase 
or decrease the computed flow, as the error is a positive or negative 
quantity. 

2. Obliquity of weir; the effect of this or of eddies is to retard 
the flow. 

3. Velocity of approach too great, sides and bottom too near the 
crest, contraction incomplete, crest not perfectly sharp, or water 
clinging to the outside of the weir, tend in each case to increase the 
discharge. 

The causes tending to increase the discharge evidently outnumber 
those decreasing it, and are, all things being taken into account, 
more difficult to overcome. 

200. Directions for Calibrating Weirs, Nozzles, and Venturi Meter. 

—'This experiment combines the determination of the constant 
used in the flow formula for the three api)liances mcntionetl. I'he 
water is sent through a Venturi meter to a horizontal header pipe 
of considerable capacity, into the bottom of which are several nozzles 
or orifices of varying construction, from each of which the water may 
be turned on or off as desired. The water discharges into a tumble- 
bay and flows over a weir without end contraction. As arranged 
in Sibley College, the water next reaches another tumble-bay at a 
lower level and is finally discharged over a rectangular notch with 
full contraction into tanks on scales. 

The following are the directions: 

Apparatus: Tanks and scales, hook-gauges for weirs, pressure 
gauge for nozzles, pressure gauges and manometer for Venturi tube. 

1, Accurately level the sills of the weirs and see that the notches 
are in vertical planes. 
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2. Take the zero reading of the hook-gauges, by setting the point 
of the hook with a spirit level or other means at the level of the sill. 

3. Turn off all of the cocks at the gauges; open valve above 
Venturi tube very slowly; open cocks at gauges; open valve to nozzle 
to be tested slowly until it is wide open. 

In making a run, put a tare weight of-pounds on the scales, 

then adjust the hook-gauges so the }x>ints just pierce the surface of 
the water. When the flow is steady (the level at the hook-gauge 
remaining constant), close the discharge valve of the weighing tank. 

Note the time to nearest second when the beam floats; then put- 

pounds on the scale and note the time when the beam again floats.* 
The difference in time gives the number of seconds for the flow of 

-pounds. At each different pressure on tlic Venturi meter the 

following observations are to lx; made: 

a. Pressure at entrance to Venturi tube. 

Ik Pressure at throat of Venturi tube. 

c. Pressure, in receiver at nozzles. 

d. Hook-gauge readings for each weir. 

e. Weight of water discharged. 

/. Time to nearest second. 

In addition to the above runs at a graded series of pressures, the 
following runs are to be made: 

g. Fully open all of the valves controlling the flow through the 
nozzles, then slowly open the valve at the entrance to the Venturi 
tube until a ma.ximum difference is obtained between the Venturi 

tube gauges. Make a run of approximately -pounds net of 

water, taking the same observations as before. This run is a maxi¬ 
mum discharge through the Venturi. 

h. For a maximum discharge over the weirs, in addition to all the 

nozzle valves being wide open, feed from a secondary supply pipe. 
Now very slowly open the valve at the Venturi tube until the water 
fills the weir notch; the water must not touch the upper edge of the 
notch. Make a run of-|x»unds net, taking the usual observations. 

The forms used for recording the observations and computed 
([uantities follow. 

* Entrance of water to weighing system must be horizontal or nearly so for this 
method of weighing to be correct. 
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SIBLEY COLLEGE, CORNELL UNIVERSITY.-DEPARTMENT 
EXPERIMENTAL ENGINEERING. 

CALIBRATION OF NOZZLES. 
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HI. MEASUREMENT OF WATER OR OTHER LIQUID BY VOLUME DISPLACEMENT. 

201. Calibrated T anka . — The method of their use and the pre¬ 
caution to be observed have already been discussed in Art. 188. 

302. T ank Meters. — Within recent years several forms of 
apparatus have been developed which are best described as tank 



Fig. 286. —Wacox Water Weigher. 


meters. They are all arranged automatically to fill and empty 
vessels of fixed size and to record the number of such operations. 

The Wilcox water weigher, shown in Fig. 286, is a good example 
of this type. It is a tank divided into upper and lower compartments 
by a horizontal partition. The water enters the upper compartment, 
passes to the lower, in which it is measured, and then out through the 
U-shaped discharge pipe. The operation of filling and emptying 



384 


EXPERIMENTAL ENGINEERING 


the lower or measuring compartment is governed by the standpipe, 
bell-float and trip-pipe AB as follows: 

The standpipe, which is open top and bottom and capable of 
vertical motion, is corrugated on the bottom and fitted to a seat in 
the horizontal diaphragm. When in its lowest position, water flow¬ 
ing into the upper compartment rises until it overflows into and 
through the standpi{>e, entering the lower chamber. After rising high 
enough in this chamber to seal the lower edge of the bell-float C, 



further rise compresses the air under the float and in the left-hand 
legs of the discharge pipe and the trip-[)ipe AB. This compression 
of air under the float immediately causes the latter to rise to its highest 
position, but as it is rigidly connected <0 the standpipe the latter is 
raised from its seat and the water in tiie ujjper compartment pours 
into the lower vessel. The compression of air under the float must 
continue until tlie ])ressurc becomes great enough to break the seal 
in the trip-pipe. This action immediately reduces the pressure below 
the float, permits the latter to descend, sealing the upper chamber 
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against further discharge, and allows the water in the lower compart¬ 
ment to siphon out through the discharge pipe. 

A mechanical counter records the total number of discharges, and 
the quantity of water measured is then found by multiplying the 
number of discharges by the quantity per discharge, the latter being 
a constant of the instrument. 

This apparatus is built of material which will withstand the highest 
boiler feed temperatures, but it should be remembered when using 
it with water at high temperatures that the measurement is one of 
volume and hence correction for density is necessary. 

Another apparatus of similar tj'pe is that known as the Hammond 
water weigher,* Fig. 287. Jt consists of two tanks side by side with 
common feed and discharge pipes. The feed is deflected into the 
one or the other by means of the deflector G, the jK)sition of which 
is controlled by that of the wrist plate F, the position of which in 
turn is controlled by the float / and the valve M. The float rising 
in the vessel being filled trips a latch which allows the wrist plate 
to rotate under the action of the head of water above the valve M, 
shifting the supply to the other tank and allowing the discharge of 
the tank just filled. An attached mechanical counter records the 
number of discharges as before.f 

IV. MECHANICAL IHSPLACKMENT OR POSITIVE METERS. 

203. Water Meters.— The most complete discussion of recent 
years on water meters is probably that of Schonheyder before the 
Institution of Mechanical Engineers of Great Britain, 1900. He 
classifies all water meters as follows: 

1. Low-pressure Meters. 

2. Inferential Meters. 

3. Volume or Capacity Meters. 

4. Meters of the Venturi Class. 

5. Waste Detection Meters. 

6. Positive Meters. 

♦ Power^ Nov. 24, iqo8. 

t Another illustration of this type of meter, much more complicated but also very 
at curate, w'ill be found in the Zciischrifi des Vercins dcutscher Ingenieure, Nov. 21, 
1908. 
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A good water meter should meet the following requirements: (a) 
give accurate indications for widely varying rates of flow, from the 
smallest to the maximum suitable to the meter; (b) the indications 
should not change with time and should be independent of the water 
pressure; (c) the accuracy should not change with temperature; 
(d) the loss of pressure in passing the meter should be small; and 

finally, (e) the meter should require 
little attention and should not be espe¬ 
cially vulnerable when metering dirty 
water. 

I. Low-pressure Meters .—This 
type of meter is also sometimes called 
the open type. The latter designation 
implies that the entire main pressure 
is lost as the water passes the meter, 
which is the distinguishing character¬ 
istic of this class of meters. Fig. 288 
illustrates one type, the Siemens me¬ 
ter.* The water supply coming through 
the central pipe flows into the central chamber, and from here flows 
through the openings a, b and c, into the re-spective compartments 
A, B or C, as the case may be. The lower compartment A is now 
filling, while C is emptying and B is out of action. When A is full, 
the supply will fill the central compartment, until the water flows 
through b into J 5 , commencing to fill this. The left side of the drum 
thus gains in weight and at a certam level it will move 120 degrees 
in a counter-clockwise direction, after which B will be completely 
filled, and A starts emptying. Every complete revolution of the 
drum, therefore, discharges the volume contents of the three cham¬ 
bers. The short tubes, a^, b^ and Cj, serve to remove the air from 
the chambers. 

Other types of low-pressure meter employ two vessels side by side, 
one emptying while the other is filling, and there are various other 
forms. The Wilcox and Hammond tank meters previously de* 
scribed also belong to this class of meter. 

Low-pressure or open meters, when properly constructed, have the 
* Gramberg, TechnUche Messungm, p. 119. 



TYPE) Meter. 
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advantage of indicating accurately for widely varying rates of flow- 
They will take care accurately of the smallest dribble. Their use, 
however, requires attention, owing to the fact that they will meter 
water as fast as the inlet conditions will permit, irrespective of the 
demand. Thus, if the metered water is discharged into an inter¬ 
mediate receiver before use, and the demand on the receiver varies 
greatly, the meter must be watched or it may cause an overflow. 
This may be overcome in permanent installations by arranging a 
float control of the meter inlet. 

2. Inferential Meiers. —In this class the water is not actually 
measured, but the amount passing the meter is “inferred” from the 



Fio. J89.— Hersey Torrent Meter. 


number of revolutions made by a member which is caused to rotate 
by the current of water. To this class belong the so-called fan- 
wheel and turbine meters. The.se meters are often designated 
“velocity” or “current” meters, which is perhaps a more descriptive 
name, especially since the term “inferential” is also used for a 
method of measurement in which only a part of the liquid is actually 
measured. 

The number of different meters manufactured under this head 
is quite large, and it will therefore be possible to give only one or two 
typical examples of construction. The same remark applies prac¬ 
tically also to all the other classes above enumerated. 

Fig. 289 shows the Hersey torrent meter. Its operation is plain 
from the cut without much description. The water after pagarng 
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the screen flows into the deflector, and then flows horizontally and 
practically radially through tire wheel, causing it to revolve. The 
registering mechanism is of the ordinary type. 

Another inferential meter is illustrated in Fig. 290. This shows 
the “ Gem” meter, made by the National Meter Company. In this 
meter the wheel or propeller is made of spiral form. Water passing 
causes it to revolve, the number of turns being registered as shown. 



Fio. 290 .-—“Gem” Inferential Meter. 


The distinguishing feature of inferential meters is their large 
capacity as compared with meters of other types (see table follow¬ 
ing for some figures on the two meters illustrated). 

Capacity of Current or Velocity Meters, eu. ft. per min. 

Size, inches, 2346 8 10 12 

Normal capacity, 

cu. ft. per min., 32 72 128 288 512 800 1152 

Inferential meters are generally open to the objection that they 
will not register small flows, on account of the friction of the working 
parts, which requires a certain minimum velocity of water before any 
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motion can take place. Consequently, for flows considerably below 
capacity, the registration is too small by from 2 to 5 per cent for the 
same reason. This feature is inherent in this type of meter, and the 
error can only be minimized by cjcact construction, light moving parts, 
etc. In the usual case it will be found that most of these meters 
will not register at all until the flow exceeds 2 per cent of the nor¬ 
mal meter capacity. To overcome this difficulty two meters of this 
type, a large one and a small one, have sometimes t)een installed in 
parallel, so that the total quantity of water j)assing is obtained from 
the sum of the readings of the two meter dials. As long as the flow 
is small, only the small meter is working, the inlet to the large one 
being closed by an automatic valve. As the flow increases, the pres¬ 
sure difference between the two sides of the meters increases and at a 
certain value the valve to the large meter is opened. Thus this meter 
does not come into action until the region of its accurate registration 
is reached, and the error of the combination is only that incident to 
the non-registration of the small meter under flows w'hich form only 
a very small percentage of the total normal capacity of both meters. 

3. Volume or Capacity Meters. —There are a number of such 
meters made in this country. Among them may be mentioned the 
Crown, the Hersey, the Nash, the Keystone, and several other equally 
good ones. This type may be divided into three classes: 

{a) Rotary meters. 

{b) Disk meters. 

(r) Piston meters. 

Piston meters, although true volume meters, are generally known 
as positive meters, and are discussed in Class 5 below. 

In rotary meters tlie moving member generally has motion in one 
plane only, and by this motion displaces, during one cycle, a definite 
volume of water, practically transferring it from the inlet to the 
discharge side. Differences in the construction of this moving 
member, usually called the jnston, and differences in the cycle of its 
movement, constitute the main distinction between the rotary meters 
made by the different manufacturers. The principle of operation 
of these meters is rather simple, but the motion is complex enough 
to make it difficult of clear explanation, for which reason it is advised 
to make a study of a meter of this tyi)e and also the disk tyj)e. 
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The Hersey rotary meter, Fig. 291, is a representative type of 
this class. In this meter the piston A has six projections, while 
the cylinder B has six compartments. The motion of the piston 
is such as to produce motion in a circle of the pin C actuating the 
registering mechanism. The bottom head, D, contains two sets 
of openings leading to each compartment. Through one of these 
openings the water enters a compartment when the piston A by 



Fig. 291. —Hersey Rotary Meter. 


its motion clears it, while the other (the discharge) openings in this 
same compartment are closed by the piston. At the same time the 
discharge openings in the top head, E, which register with the dis¬ 
charge openings in the bottom head, are of course also held closed 
by the piston, there being no inlet opening in the top. Thus the 
compartment can fill. In the meantime the other compartments 
are either filling or emptying, and this results in a net water pressure 
tending to push the piston around its containing case or cylinder in 
a horizontal plane. When, in the compartment under considera¬ 
tion, the piston has cut off the supply opening, the discharge open¬ 
ings are freed, and discharge by displacement then occurs through 
file top and bottom discharge openings simultaneously, the bottom 
water finding its way to the central opening in the piston, through 
which it rises and joins the top discharge. The combined discharge 
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then flows over the top head and out through the outlet at the left of 
the meter. In effect, therefore, the piston is nothing but a valve which, 
by the motion conferred upon it by the excess of pressure on one side 
over that on the other, controls inlet and outlet ports in the two heads. 

A disk meter, the Nash, is shown in Fig. 292. A conical disk A 
moves in a chamber or compartment B (the floor of which is either 
a plane surface or only slightly conical and the roof of which is con¬ 
ical as shown) in such a manner as to produce motion in a circle of 



the pin C which moves the registering dial. The motion of the axis of 
the pin is peculiar and may best be compared with the motion of the 
axis of a spinning top when this axis does not coincide with a per¬ 
pendicular through the contact point of the top. There is this 
difference, however; the meter disk has no motion of rotation about 
its own axis, for it is held in one position with respect to rotation by a 
vertical partition D which divides the compartment into two parts by 
passing from the side wall to the center, and the disk makes room 
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for this partition by having cut into it a slot E from circumference to 
center (see detail figures of disk and compartment, Fig. 292). On 
one side of this partition in the side wall is located the water inlet 
port, while the outlet port is located on the other side of the parti¬ 
tion. The latter port is shown in the cut. These ports are adjacent 
and only divided by the partition. Now in the position' of the disk 
shown in the cut it wdll be noted that an element of each of the 
upper and lower surfaces is in contact respectively with the roof 
and floor of the compartment. Tlve motion of the disk is such that 
some element of these surfaces will always be found in such contact, 
and hence the entire compartment is subdivided into four chambers, 
two on top of the disk and two below the disk, and two of these, one 
on top and one on the bottom, are open to the inlet ix)rt while the 
other two are discharging. The pressure difference between the 
filling and discharging sides causes the motion. 

The advantages of rotary or disk meters consist in their sim¬ 
plicity of construction, light weight, small size, and comparatively 
low cost. They are open to the objection that no particular pro¬ 
vision is made against leakage, and in many cases none is made for 
taking up wear. In spite of these facts, they are probaldy more 
extensively used in this country than any other type of meter. 

The capacities of rotary or ilisk meters, irrespective of type or 
maker, seem to range about as follows: 

Size of meter, x" i-J" 2" 3" 4" 6" 

Greatest proper 

quantity per min., cu. ft, x 2 4 8 12 20 36 72 120 

4. Meters of the Venturi Class. —The principle of the Venturi 
meter has already been explained (see Article 195). This meter has 
several marked advantages, as there pointed out, and has come into 
use in this coimtry considerably, although mainly for waterworks 
use, where the quantity to be handled is large and where the proper 
amount of attention can be paid to the registering clockwork, which 
is in most cases rather complicated and costly. The last fact has 
probably militated against the more general adoption of this meter 
for small work. 

5. Waste Detection Meters. —This is another special form of 
meter whose use is at present confined to waterworks and similar 
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plants. Schonheyder, in the paper mentioned, names only one of this 
class, the Deacon, shown in Fig. 293.* The water enters the upper 
end of the conoidaJ tube and acts upon a disk suspended centrally 
in the tube by a thin metallic cord passing through a gland. The 
greater the rate of flow, the greater the depression of the disk, whose 
position is continuously recorded by 
means of a pencil tracing a line on a 
paper moved by clockwork. 

6. Positive Meters. —These meters 
are generally piston meters, which “posi¬ 
tively” measure the water by alter¬ 
nately filling and emptying. Most of the 
meters of this type now in use are duplex 
meters, that is, they have two pistons 
with their cylinders. These pistons 
may be connected to a common crank 
shaft, or they may operate like the steam 
pistons of the ordinarj^ duplex pump, in 
which case each piston operates the 
valves for the other. It may be gathered 
from this description that these meters act very much like the ordi¬ 
nary piston pump reversed, and as a matter of fact they are in prin¬ 
ciple hydraulic jjower generators, the pressure of the water driving 



Fig. 293. — Deacon Waste 
Detection Meter. 


the pistons back and forth. 

The piston meters in common use in this country are of the second 
class above mentioned, the pistons moving back and forth in the 
cylinders unconnected. It will suffice to show the construction of 
one of them. Fig. 294 gives an exterior (phantom) view of the 
Worthington piston meter, showing the interrelation of the main 
parts, while Figs. 295 and 296 give two cross sections. It will be 
.seen that the pistons in their back and forth travel control ordinary 
slide waives operating on scats just above the bottom casting, which 
latter contains the inlet and outlet chambers. The plunger heads 
simply strike the valves near the end of the plunger travel and move 
them over at the proper time. One of the pistons works the regis¬ 
tering mechanism by means of a lever and ratchet arrangement as 


• Proc. Inst. Mech. Eng., 1900, p. 45. 
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shown. The end of the lever is moved by the plunger heads in the 
same manner in which the valves are operated. 

The capacity of piston meters can in general be assumed as follows: 

Size of meter, f" i" if" 2" 3" 4" 6" 

Greatest proper 

quantity per min., cu. ft., i| 3 5 6 8 23 60 120 



Fig. 394.— Worthinoton Piston Meter. 


Meters of this t3q)e, when in good shape, are capable of giving 
accurate results. No provision, however, is usually made for taking 
up piston wear and leakage, and this materially affects the results 
after a period of service. 

204. Hot-water Meters. — For ordinary service the running 
parts of most meters are made as light as possible and the material 
is often some hard-rubber composition. As long as the water is 
fairly cool, say not to exceed no or 120 degrees, these materials 
serve very well, but beyond this warping and twisting of the disks or 
pistons is apt to occur. Hence the ordinary type of meter cannot 
be used with hot water. For this service the meters are modified 
by making the running parts of some metal, usually some brass 
or bronze composition. Service with hot water is in many cases 







Figs 295 and 296 —Worthington Piston Mexer 
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quite severe on the meter, and it pays in general to install hot-water 
meters in a by-pass to prevent delays in the operation of a plant due 
to meter troubles. 

205. The Calibration of Water Meters. — It should be taken as 
fundamental that no water meter of whatever make should be used 
without calibration, and not without frequent calibration if the work 
is of any importance. It is essential that the method of calibration 
should reproduce the conditions of use. It is consequently necessary 
in all cases where meters are used to note (a) the pressure, (b) the 
temperature, and (c) the rate of flow, in order to be able to reproduce 
these conditions when desired. The temperature reading is also 
necessary for the reduction of the meter readings, which are in cubic 
feet, to pounds. 

In any test in which a meter is used it is usually best to install the 
meter in a by-pass. This is done for the double purpose of avoiding 
serious interruptions (as in boiler trials, for instance) and also to be 
able to calibrate the meter on the spot. For the method of doing 
this, see the meter connections recommended in the Code for Boiler 
Testing, Chapter XVII. 

As a general rule, applicable to all meter calibrations, it may be 
stated that the greater the quantity of water drawn and weighed at 
the proper rate of flow, the better. The upper limit in this respect 
is generally soon reached on account of the limitations of tanks and 
scales, but for large meters it is almost necessary to provide capacity 
for not less than 20 to 30 cubic feet. It is generally more accurate 
not to draw' a certain weight of water, but to operate the meter while 
the pointer on the first dial of the register moves from one definite 
mark on the dial to another definite mark. This avoids the estima¬ 
tion of fractional values on the dial between marks. 

It sometimes happens that a meter is used on the same test under 
widely varying rates of flow and that the meter constant also varies 
greatly with the rate of flow. In that case a single calibration at the 
average rate of flow will not give the true correction factor, and it 
will be necessary for accuracy to determine the law of variation and 
to apply individual correction factors to various parts of the meter 
record. 
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V. MEASOKEMENT OF THE QUANTITY OF LIQUID BY MEASUREMENT OF 
THE AVERAGE VELOaTY OF FLOW. 

206. Measurements of this kind are made in closed pipes or con¬ 
duits and in open channels. They are generally confined to cases 
where the flow of liquid to be measured is too great to be determined 
by the other methods so far discussed. The principle in each case 
is to determine the volume as the product of its two factors —cross 
section of stream and velocity of flow. Determination of the last 
factor only need here be considered. 

207. Measurement of Average Velocity in Open Channels and 
Streams. — The instruments and appliances used for this purpose 
come under three or four heads: floating bodies, or floats for short; 
pressure plates, hydro-dynamometers or hydrometric pendulums; 
tachometers or current meters; and the Pilot tube. 

208. Floats. — For a complete discussion concerning the use of 
floats for measuring average stream velocity the reader is referred 
to almost any book treating on waler-jiower development. The 
method is so little used in purely experimental engineering practice, 
being hardly accurate enough for efficiency computations, for in¬ 
stance, that it will suffice here briefly to point out the method. 

The floating body .should be small and have adensity approximately 
that of water. Any small piece of wood or other material which will 
float and which can be observed from the banks may be used. If 
the stream is a natural one, as distinguished from the symmetrical 
channels often used for head or tail races in water-power plants, it 
is essential that the part o^ me stream chosen for the trial shall be 
fairly straight and as nearly as possible uniform in width and depth. 
The course may be from 50 to 200 feet long, a base line being laid 
ofl' on the bank. At each end of the base line stretch a cord across 
the stream at right angles to the base line. These are the so-called 
transit lines. The transit lines are divided into any convenient 
number of equal divisions by means of tags fastened to the lines. 
Measuring the depth at each tag provides a means of drawing a 
profile of the stream for the up- and down-stream sections, thus de¬ 
termining mean cross section. The floats are released, one by one, 
some distance above the upper transit line, and time and spot of 
crossing the line are observed, the former by stop watch. The down- 



398 EXPERIMENTAL ENGINEERING 

stream observer similarly notes tlie place of crossing the lower transit 
line, and at the instant the float crosses gives a signal to the up¬ 
stream observer to note the time. In this way a number of velocities 
can be obtained across the width of the stream. If the stream is so 
wide that no cords can be stretched across, the method becomes more 
elaborate. In that case a theodolite is stationed at each end of the 
base line. When a float is started, the upper observer sights his 
instrument on the imaginary transit line and signals the time when 
the float passes. At the same time the lower observer focuses on 
the float and when the up-stream observer gives the signal, he reads 
the angle which locates the float as it crosses the upper transit line. 
Next the functions of the observers are reversed, the upper one fol¬ 
lowing the float and noting the angle as it crosses the lower transit, 
the instant of which is signaled by the lower observer with his in¬ 
strument clamped on the lower transit line. The time of transit 
has in the meantime been taken with a stop watch by a third observer. 

Floats are of two kinds, —surface or single floats and sub-surface or 
submerged or double floats. The use of the latter is based on the 
consideration that a body simply floating on the surface of a stream 
may give a fairly accurate indication of the surface velocity, but 
tells nothing of the mean velocity over the entire cross section, which 
is certainly less than the surface velocity. Submerged floats are 
made by fastening a body capable of sinking to a surface float able 
to sustain the former by means of a light cord or wire. The latter 
is made of the proper length to maintain the bottom float where 
wanted, say about mid-depth. With these double floats it is assumed 
that the top float indicates much more nearly the average stream 
velocity. For very regular channels, rod floats reaching nearly to 
the bottom of the channel have often been used. They generally 
consist of a wood rod, weighted at the lower end so as to float 
nearly vertical. The method of using them is the same as in the 
other cases. For a discussion of the limits of accuracy of any of 
the float measurements, the reader is referred to Frizell’s “Water 
Power” and Mead’s “Water Power Engineering.” 

The latest development of measurement by means of floats is 
perhaps that reported in the Zeitschrift des Vereins deutscher .In- 
genieure for April 20, 1907. The method can be applied only in 
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regular, artificial channels, but has been found to give very accurate 
results when used in the tail race of a turbine installation for deter^ 
mining the amount of water used. It consists of an “apron,” con¬ 
structed of a very light framework, over which varnished cloth is 
stretched. This apron e is supported on a carriage c-c (see Fig. 297), 
which runs on a track a~a the length of the canal. Accurate con¬ 
struction makes the force required to move the carriage very small. 
In the installation described, the canal had a width of about 10 feet, 
the depth of water was about 4.5 feet, while the length was 72 feet. 



Fios. 297 AND 3q8. — Apron Mcthop of T)i terminino 
V tiDinv IN A Channel. 

The carriage and apron weighed 88 jwunds, but a force of only .88 
pounds was required to move it. The method of using the apron is 
shown in Fig. 298. From tlie ix>sition I, at the left, the apron is 
released, and as the lower edge enters the flowing stream, the carriage 
is drawn forward. After a few feet of travel the apron hangs verti¬ 
cal, and is latched in this position by a special arrangement located 
at /on the carriage. The apron enters the water without shock and 
does not disturb the flow conditions appreciably. The measured 
course along the canal was 32.8 feet, and since this was passed through 
in some cases in alwut 12 seconds, it became necessary to use elec¬ 
trical instruments for recording time, distances, etc. The apparatus 
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used is fully described in the article referred to. Fig. 298 shows the 
apron at position II as it is during the test. As soon as the end of 
the course is passed, the latch arrangement / is unhooked by con¬ 
tact with a rigid member, and the apron is then brought by the 
current into the inclined position shown at position III, which stops 
the carriage. 

An analysis of this method of measurement shows that it is in 
principle identical with the ordinary float measurement except that 
it gives the average velocity over the entire cross section at a single 
trial. The writer of the above article showed that it could give very 
accurate results, even for very low speeds, down to .01 foot per second. 
But its application is likely to be restricted by the fact that straight 
channels of the requisite length are rarely available. It is also 
necessary that the containing walls shall be smooth and straight in 
order to allow of a close lit of the apron, to minimize the error due 
to water passing around the edges of the apron. For permanent 

testing flumes, the method probably de¬ 
serves and will receive extended con¬ 
sideration. 

209. Hydro-dynamometers and Hydro¬ 
metric Pendulums. — The difficulty of 
obtaining satisfactoiy' conditions for float 
measurements has led to the development 
of apparatus by which it is {xjssible to 
obtain the mean stream velocity at a 
single well-defined section.* In pressure 
plates, or hydro-dynamometers, the cur¬ 
rent is made to impinge upon a plate, 
and the magnitude of the force or pres¬ 
sure exerted by the stream is then meas¬ 
ured in various ways. To illustrate one 
type of this class. Fig. 299 gives an idea 
of the construction of the Perrodil hydro- 
dynamometer as shown by Van Winkle. The pressure plate P is 
carried by the framework A BCD, which is supported at K by the 

* See aa article by F. Van Winkle cn “Stream Flow at a Single Cross-Section,” in 
Power for Aug. 30, 1910. The two books named in Article 208 also contain discus¬ 
sions on current meters and similar instruments. 



Fig. 299. Perkodil Hydro- 
dynamometer. 
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standard MN, as shown. UJ h a. torsion rod suspended at K 
on the upper end and fastened to the frame A BCD between B and 
C, as shown. EF is a graduated horizontal circle over which move^ 
a pointer II which is rigidly fastened to the torsion rod. The in¬ 
strument is used as follows: by loosening set screw S, the plate and 
framework are allowed to swing into the current like a loose rudder 
until the position of P is parallel to the current and the pointer in¬ 
dicates the zero on the scale EF. Next the fainter H is forced 
around, twisting the rod UJ until the plate P is perpendicular to the 
current. S is then fastened and the angle of torsion, which is a 
function of the pressure on the plate, may then be read. 

The principle of the hydrometric i)endulum is similar. This 
instrument consists of a ball, two or three inches in diameter, at¬ 
tached to a string. The ball is suspended in the water and carried 
downward by the current; the angle of deviation from a vertical may 
be measured by a graduated arc sup])orted so tliat the initial or zero- 
point is in a vertical line through the point of sus])ension. If the 
current is less than 4 feet per second an ivory ball can be used, but 
for greater velocities an iron ball will be required. The instrument 
cannot give accurate determinations, because of the fluctuations of 
the ball and consequent variations in the angle. Tlie formuk-e for 
use are as follows: Let G equal the weight of the ball, D equal the 
weight of an equal volume of water; then G — D is the resultant 
vertical force. Let F equal area of cross section of the ball, v the 
velocity of the current, c a coeflScient to be determined by experi¬ 
ment; then we have the horizontal force P — r/«V. Let angle of 
deviation be d\ then 


tan d 


P cFiJ 
G-D~ G-D’ 


from which 


V 



(G - t an^ 
cF 


(25) 


The best results with this instrument will be only approximations. 
The one advantage that this instrument and the hydro-dyna¬ 
mometer have over current meters lies perhaps in the fact that the 
former can be used for lower velocities of flow than the latter. On 
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the other hand, fluctuating velocity of current makes the determina¬ 
tion of the mean reading very difficult with hydro-dynamometers, 
310. Tachometers or Current Meters. — These instruments con¬ 
sist of light fan or propeller wheels, mounted either horizontally or 
vertically, and geared to a registering mechanism which indicates 
the number of turns made by the wheel in a given time, actuated by 
the current. The registering mechanism may be simply the ordi¬ 
nary type of revolution counter directly driven from the wheel shaft 
by worm and gear. The counter can be worked by lever and cord. 
The disadvantage of this scheme is that the counter is exposed to 
the grit and dirt that the water may carry, and further, that the instru¬ 
ment has to be bodily removed from the water to obtain its reading. 



Fjo. 300. — Ertel Current Meter. 

Attempts to avoid this have been made by gearing the wheel shaft 
to a light vertical shaft and having this drive the register above water. 
This scheme is generally bad, as it increases the friction seriously 
and til us raises the lower velocity limit below which the instrument 
will not record. The best solution of the problem is perhaps the 
electric recorder. In that case the friction loss is reduced to a mini¬ 
mum, since the wheel shaft is simply required to make and break 
electric contact. Another advantage of this arrangement is that 
the recorder may be located at any convenient distance from the 
point of observation. 

Another good scheme for reducing friction is to use the so-called 
acoustic method of recording. In this scheme parts of the wheel 
shaft are arranged so as to give a distmet click at every turn. The 
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sound may be transmitted to the operator by means of flexible tubing 
coimected to the tubing supporting the current meter and through a 
simple form of receiver. 

Current meters are generally provided with rudders to keep them 
parallel to the current, and, if readings at considerable depth must 
be taken, are also weighted so as to keep taut the rope by which they 
are suspended m the stream. For shallow channels rigid rod sus¬ 
pensions are preferred. 

Fig. 300 shows Ertel’s current meter* of the type first discussed. 
The instrument is supported by the rod E. A is the wheel and Z 
the counter. B-C is the 
cord and lever mechanism 
fastened to the top of the 
rod. Raising lever B re¬ 
leases the catch D and 
starts the counter. Pressing 
against C releases B and 
the flat spring on D then 
forces the catch back into 
position. 

The next illustration, Fig. 

301, shows the so-called 
Woltman mill, a tyi^e of 
current meter very largely 
employed. In this case the 
revolutions are recorded 
electrically. Instruments 
built on this principle are 
made by several manufac¬ 
turers, differing in wheel 
construction and in method 301- - Woltman Mtix. 

of recording. 

Finally, Fig. 302! shows one type of acoustic meter, T being the 
flexible transmitting tube and R the receiver. 

* Graraberg, Techniseke Messungen, p. 65. 

t F. Van Winkle in Fower, Aug. 30, 1910. See also Water Supply and Irrigation 
Paper, Nos, 94 and 95, U. S. Geological Survey, for further information regarding 
stream measurements and the meters used. 
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211. Calibration of Current Meters and Methods of Determining 
Average Velocity in Cross Sections. — This class of instruments is 
capable of giving very accurate results, but it requires rating or 
calibration. This may be done either by moving the instrument 

through still water at a definite velocity 
or by comparing the readings or the 
instrument with those of a standard 
instrument run alongside. The former 
method is i)erhaps the best, but not 
many testing flumes are availalfle for 
the work of calibration. 

Theoretically considered, the equa¬ 
tion for a current meter should be V-- 
an, where V — velocity in unit time, n 
= number of revolutions in the same 
time, and a = a constant peculiar to the 
particular ty{>e of wheel used. In prac¬ 
tice, however, there is a certain current 
velociu, h, below which the wheel will 
not revolve on account of friction, and 
the real eejuation therefore is V - an 
-I- h. This is a straight-line law and 
the numerical constants of the equation 
may therefore be found from any two 
calibration tests made at different 
speeds. The manufacturers will ordi- 

__ __^ narily furnish calibration tables, giving 

n and V in parallel columns, but it is 
Fic.. 302. -Acoustic Current needless to say that for important work 
Meter. with an instrument that has been in 

use, recalibration is required. 

Concerning the method of obtaining mean velocity over a given 
section, Van Winkle gives the following ways in which the current 
meter may be used: I'he mean velocity may be obtained either by 
taking the mean of averages of velocities at equally spaced points 
in this section; or by taking the mean velocity of the averages of 
velocities taken along equally spaced vertical lines; or by taking a 





MEASUREMENT OF LIQUIDS, GASES, AND VAPORS 405 


single reading from the movement of the instrument uniformly over 
the section. The first and second methods are most appropriate for 
taking measurements with an instrument which is supported by a 
pole resting on the bottom of the stream, but for employment of 
instruments capable of being suspended, the last mentioned method 
has advantage in greater convenience and saving of time. 

212. The Pitot Tube. — In its simplest form this is a bent tube 
held in the water in such a manner that the lower part is horizontal 
and opposed to the motion of the current in an ojwn channel. By 



Fig 30^ —Fundahgntal Form of Fig. 304 —Piror Tubij ior Open 
Phot Tubi Cuanni i Work 


the impulse of the current a, column of the waler will be forced into 
the tube and held above the level of the water in the stream; this 
rise DE (see Fig. 303) depends u{)on the velocity of the water. If 
the height DE in feet alx)ve the surface of the water ccjual h and 
the velocity of the water equal V feel per second, we have 

V -CV2^h (26) 

in which C is a coefficient to be determined by experiment. Con¬ 
cerning the value of C, see Art, 214. 

The Pitot tube, as ordinarily used for open channel work, consists 
of two tubes, one, AB, bent, as in Fig. 304, the other, CD, vertical. 
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The mouth-pieces of both tubes arc slightly convergent, to prevent 
rapid fluctuation in the tubes. These tubes are so arranged that 
both can be closed at any Instant by pulling on the cord w leading 
to the cock R. Between the glass tubes dD and bB is a scale which 
can be read closely by means of the sliding verniers tn and n. The 
tubes are connected at the top, and a rubber tube with a mouth¬ 
piece O is attached. 

In using the instrument it is fastened to a stake or post by the 
thumb-screws EF; the bent tube is placed to op}X)se the current 
of water, the cocks K and R opened. The difference in height of 
the water in the tubes will be that due to the velocity of the current. 

The water in the column dD 
will not rise alx)vc the sur- 
face of the surrounding water, 
H li. \\ jJJJ instrument may be 

y inconvenient to read. In 

QOOiQ that case some of the air may 

E® Y I be sucked out at the mouth- 

I ^ ^ _g piece O, and the cock K 

M- I sEc^oH uJ closed; this will raise the 

1-m" '.. water in both columns with- 

i:|s 'n C ^ ° \ out changing the difference 

1 "* level, so that the readings 

^ can be taken in a more con¬ 

venient position; or by closing 
^ the cock R, by pulling on the 

strings Ss, the instrument may be withdrawn, and the readings 
taken at any convenient place. 

213. Measurement of Average Velocity in Closed Pipes and Con¬ 
duits. — The instrument best adapted to this purpose is a modi¬ 
fication of the Pitot tube (see Fig. 305). Here P is the impact open¬ 
ing facing the current, while D is the static opening at right angles 
to the flow. Both tubes are connected by flexible hose to the differ¬ 
ential manometer MM\ Since the opening P registers both the 
static and the velocity head, while D registers the static head only, 
the static head cancels out and MM' shows only the velocity head h, 
from which V = C V2 gh, a.s before. Hence the reading of the 
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manometer is independent of the static pressure in the pipe, but 
for accurate work it is absolutely essential that D register the static 
head properly. 

214. Conditions Affecting the Value of the Constant C in the Best 
Form of Pitot Tube* — There has been considerable controversy con¬ 
cerning the equation of the Pitot tube, and some authorities have 
given the theoretical equation V — \/gh instead of F = Va gh. 
The work of later experimenters, however, has shown that the latter 
formula is the correct one, and also that with proffer construction 
of tube and proper handling the constant C may with confidence 
be assumed -■= i.o. For a complete discussion of this matter see 
the following papers: Vol. XXll, Trans. A.S.M.E,, p. 284; Mr. W. 
M. White, in the Journal of the Association of Engineering Societies, 
August, 1901; Prof. W. B. Gregory, Vol. XXV, Trans. A.S.M.E., 
p. 184; Prof. W. B. Gregory and E. W. Schoder, Vol. XXX, Trans. 
A.S.M.E., p. 351. 

It would appear that where the constant C is not practically i.o 
in the equation, the trouble may be found either at the impact or 
at the static opening. 10 get a true impact indication seems, how¬ 
ever, to be a simple matter, it being apparently merely necessary to 
have a small hole, say not over ^ inch, and bctttT smaller, facing 
accurately against the current, and to have the shape of the tube in 
the immediate vicinity of the hole such that the presence of the tube 
in the stream will not affect the stream filaments in front of the 
impact opening. Note the shape of the tube around the impact 
opening in Figs. 306 and 307. Both of these tubes will give excellent 
service. To get a true static reading is apparently more difficult. 
The reason for this becomes apparent when we consider that if the 
static tube, which should be at right angles to the stream flow, is 
inclined slightly against the current, w^e will gel too high a static 
reading because the true reading is increased by impact, while if 
the tube faces slightly down the stream, the static reading will be 
less than the true reading because it is affected by suction. Any 
irregularity in the flow of the individual water filaments in the pipe, 
owing to eddies, etc., will produce similar effects. Further, in some 
designs of Pitot tube the static lube is so placed with reference to 
the impact tube that the latter cannot help but disturb the stream 
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conditions around the former, and inaccurate static readings are 
the result. This is no doubt why many Pitot tube measurements 
have proven unsatisfactory. 




Fic . 306,—I^TOT Tube (Gregory). 


Professor Gregory, in the paper above mentioned, shows the con¬ 
struction of a number of tubes and discusses the results obtained 



Fig. 307, —Pitot Tube (Taylor). 


. with them. The shape of the tube finally settled upon as giving a 
value of C 1,0, as proved by test, is shown in Fig. 306, Here, as 
will be seen, the inner tube is the impact tube. The static pressure 
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is measured through small openings in the side of the outer tube. 
The handle at the top is used to set the tube parallel with the sides 
of the pipe or conduit. Another tube of similar construction is 
shown in Fig. 307, except that the static openings are two or three 
narrow slots well back from the impact opening, as shown. 

Besides thus determining the proper form of tube, Professor 
Gregory has introduced a further simplification for tubes to be used 
in a straight pipe. He has shown that the static pressure, except 
for gravity, does not change over the cross section of a pipe or con¬ 
duit. Consequently, since the static pressure can just as well be 
measured at the walls as anywhere else, it becomes unnecessary to 
have the static tube follow the impact tube when making a traverse. 
This means that only the impact tube need be introduced, and if 
tlie tube is of the right shape the only openings necessary in any 
conduit will be, say, a i J inch opening for the impact tube and two 
I inch or | inch openings 90 degrees from the former and located 
at the ends of a diameter for the static reading. Into the latter are 
screwed J inch valves, but care should be taken first to round off 
the inner edges of these holes with a rat-tail file and the valves should 
not be screwed through the thickness of the wall. This prevents 
suction or impact at these openings. The Pitot tube itself is pushed 
through a packing gland in a plug which is provided with ordinary 
pipe thread. The tube is provided with a handle, by means of which 
it is raised or lowered and also aligned with the pipe. The con¬ 
nections are then as shown in Fig. 308, Fig. 309 showing the lower 
end of the tube on a larger scale. The form of differential manom¬ 
eter shown is also very convenient. At A there may be connected 
a force pump by means of which the position of the water levels in 
the manometer may be controlled. 

215. Calibration of Pitot Tubes. — The only mcthotls of cali¬ 
brating Pitot tubes are the same as tho.se available for current meters; 
that is, they must either be dragged through still water at a definite 
rate or they may be placed in streams the velocity of which is known. 
The experimental work done, however, has shown that where the 
best form of tube is used with care, the constant may be assumed 
equal to i.o. The error involved in this assumption is almost sure 
to be not greater than ± i per cent. 
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216. Method of Making a Traverse and Obtaining the Average or 
Mean Velocity. — It has been shown by a number of tests that the 
velocity of water going through a pipe is greatest at the center and 
least at the walls, and that the ratio of these two velocities approxi¬ 
mates two to one. The variation of the velocities may be repre¬ 
sented by a solid of revolution whose axial cross section consists 
of a rectangular part ABDE, Fig. 310, with a semi-elliptical 
end BCD. The rectangle has for its length one-half the center 
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Velocity of Flow In Fty/sec, 

Fi(,. 310. — Distribution or Velocities in a Pipe. 


velocity FC', while the other dimension is the diameter of the 
pipe AE. The semi-ellipse has for its minor axis the diameter of 
the pipe and for half its major axis CC, one-half of the center 
of velocity FC. How closely the ellipse is approximated is well 
shown in Fig. 310. 

For the purpose of determining the complete shape of the cross 
section ABC'DE, the pipe must be traversed. This may be done 
by taking readings at stations equally spaced along a diameter, 
in which case the curve must be plotted and the mean velocity 
determined by finding by integration the mean ordinate of the 
solid of revolution. Or certain definite stations may be chosen so 
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that tile velocity readings may be averaged straight without going 
through the process of drawing the velocity curve. The last 
method is the quicker and fully as accurate as the former. Any 
number of stations may be chosen along a given diameter, but it 
has been shown that ten stations give an average sufficiently close. 
Hence this method of determining average velocity is sometimes 
known as the lo-point method. In Fig. 311 the cross section of 
the pipe is divided into five equal concentric areas indicated by the 

dotted circles. Each area is then 
divided into two equal areas indi¬ 
cated by the short circular arcs, 
resulting in “ Stations ” i to 10 
(marked by heavier dots) along the 
diameter A B. The reading at each 
one of the stations 1-5 will give the 
mean velocity for the concentric area 
in which it is located. Stations 
6-10 simply duplicate the readings 
taken in the upper half of the pipe, so 
that if a complete traverse is made, 
two velocity head readings will be 
taken in each area. Since the areas 
are equal, the sura of all the velocities for any one traverse is 
simply divided by 10 to obtain the average velocity. Note that 
the center velocity, while it should be read on the traverse, does 
not enter this computation. Fig. 311 shows how the stations may 
be determined. In practice a scale may be laid off on the Pitot 
tube itself so that the adjustments may be made quickly. 

217. Relation between Center Velocity and Mean Velocity.— 
Assuming that the velocity traverse curve is a true ellipse, the 
mean velocity would be .833 X the center velocity. Gregory and 
others have in actual cases found this factor to be about .84. In 
any case this ratio gives a very quick means of approximately 
determining flow from a single Pitot tube reading of the center 
velocity, but it should be noted that the error may be db 3 per cent. 

218. The Flow of Water in Pipes. — Many of the factors govern¬ 
ing the flow of water in pipes are as yet not definitely determined, 


I 



Fig. 311, 
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and the computations are therefore to a certain extent approximate. 
For a full discussion of this matter see any book on Hydraulics or 
on Mechanics containing chapters on Hydromechanics. 

In general, if A is the total head in feet available to produce flow, 
and V is the velocity of the issuing stream from the pipe (not nozzle) 
in feet per second, we may write 

h _ X ^ + + h^, (27) 

in which the right-hand member of the equation expresses the sura 
of all the losses of head. Here 


h^ — the loss of head at entrance. 

A, = the loss due to skin friction in the pipe. 

A, = the loss of head due to curves and bends. 

= the loss of head due to other causes, such as obstructions, 
valves, etc. 


Each one of the losses may be expressed by a term equal to 


2 g 


I 

4/- —, where / is 
d2 g 


multiplied by some correction factor except the loss due to skin 

friction, a general expression for which is 

the length and d tlie diameter of the pipe in feet, and / may be 
considered as a coefficient of friction. 

Hence equation (27) may be written: 

F' , p , ^ , -p 

-= 0 ,- -f- 4 J- h 9,- -f- (p, — , 

2g 2g d2g 2g *2g 


h 


(28) 


where V is in every case the velocity in feet per second at that place 
in the pipe for which the loss is being computed. Where the pipe 
is made up of lengths of different diameters, or where bends of vari¬ 
ous curvatures are used, or where several kinds of valves are em¬ 
ployed, each one of the factors and stands for the sum of 
all the individual losses coming under that particular classification. 

Value of —This may be taken equal to .5 for a pipe at right 
angles to the reservoir or source of supply and flush with the inside 
wall, and where the entrance edges are sharp. These are about the 
conditions that exist when a pipe is screwed into a tee in the main 
pipe. Where the pipe projects inside, may be as high as .93, 
while if the entrance is bell-mouth, may be almost ^ o. 
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Viiitte of /, — For values of the coefficient of friction /, see the 
curves in Fig. 312.’*' These figures are for clean pipe. Note that 
they vary with the size of the pipe and the velocity V. For rough 



or foul pipe the value of / should be increased. The amount of 
increase varies with the kind of pipe and is not definitely known. 
For a slightly rough pipe an increase of 30 per cent, while for a very 


* Adapted from a table given in Merriman^s Hydraulics. 
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foul pipe one of 100 per cent may serve the purpose, although the 
matter must be left to the judgment of the engineer. 

Value of <j>y —For this factor various authorities also give infor¬ 
mation somewhat at variance. Weisbach found 

0 8 

<f>^ =■ .9457 sin*- -!- 2.047 sin‘-, 

2 2 

where 0 is the exterior angle {ABC, Fig. 313). 

From this, when 

e = 22^° 45® 90° 

^3 = .038 .181 .984 

These are exjMjrimental figures found for i-J 
inch pipe. For smaller pipe the values in¬ 
crease. Thus Weisbach found for a | inch 
pipe a coefficient of 1.53 for a 90-degree elbow. On the other 
hand, for larger pipe the values for may be expected to be less 
than those given. 

In long bends, instead of ellxiws, the friction loss is much less, 

1 .1 . .v. ^ Ratio of curvature 

and the greater the ratio — —--- - —:- > the smaller the 

r radius of pipe 

loss. Thus for 90-degrec bends Weisbach found, if 

R X X 

— = 10 5 2| I 

Y V ■* 

^3 = O.I3I .138 .206 .977 1.978 

Some authorities content themselves by simply adding for each 
elbow in a pijic line a certain number of extra feet to the length I of 
the line to allow for the extra friction. Thus Latta gives the fol¬ 
lowing allowances: 

Nominal Diam. 

of Pipe, inches, i ij 2 2| 3 sh 4 5 

Allowance in ft. 

for each elbow, 2 35 7 9 111319 

Such allowances arc of course empirical, since they do not take into 
account the velocity of the water. 

Value of — Perhaps least is known about the value of this 
coefficient. Weisbach gives figures for gate valves, plug cocks, and 
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butterfly valves, but not for the globe valve so much used in this 
country. For a gate valve the figures are as follows (see Fig. 314): 


Ratio J i I \ I I y 

a 

= o .07 .26 .81 2.1 5.5 17 98 

No definite figures for globe valves appear to be 
available. Some writers assume the resistance of 
such a valve, when open, at about 1.5 times that of 
a 90-degree elbow. 

In practice the case encountered in the great 
majority of instances is that of a ])i]')e of uniform 
diameter. For this case the velocity V in all the 
terms of equation (28) may be taken the same and 
the equations may be solved for V, the mean velocity in the iji[)e. 
We will then have 



V 




I + + Af~, + i>n + <l>, 


ft. per sec. 


(29) 


The relative importance of the terms varies with the length I of 
the pipe, as the following example will show. In many cases all 

but / ~ and perhaps may be neglected. 

d 


Example i. Compute the discharge through a 3-inch wrought-irou pipe slightly in- 
crusted. The pipe is 1000 feet long in all, has 6 right-angled turns (ordinary elbows) 
with a globe valve at the end. The pressure of water at the main is 30 [X)unds h> gauge 
and the discharge end of the pipe is 10 feet below the tx>int of ('onnet tion to the main. 

Here the total head h « 2.3 X 30 -f 10 79 feet. The value of tjn may In: taken equal 

to ,5. Since equation (29) involves the inter-related factors V and/, it must W solved 
by trial, and for a first approximation put / .006, for which V -^6 feet |x^r sefund (see 

Fig. 312)* The length I 1000 feet, and i = 3 inches « .25 feet. may ]>e taken 
equal to .9S4, and since there arc six elbows, the total loss will be 6 X .984 5.90. For 

the globe valve put c/4 1,5 X .984 «> 1.5. 

Then 


n/: 


2 X 32.2 X 79 


, . , 1000 , 

I + .5 + .006 X 4 ” + 5-9 + i-S 


Jgg? 


I + .5 + 96 + 5-9 + I 


,$ V1049 


fi.q feet per second. 


This is in close enough agreement with our assumption for all practical purposes. 
Since the internal area of a 3-inch pipe is .0513 square feet, the cubic feet discharged will 
foe 6.9 X .0513 « *35 per second. 
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An analysis of the above example will show that approximately 
90 per cent of the loss of head is accounted for in skin friction and 
about 5.5 per cent is accounted for in the loss through the six elbows. 
Neglecting all losses except that due to skm friction, the result would 
have been V = 7.2 feet per second, which is within 5 per cent of the 
former result. Hence for very long pipe it is only necessary to take 
skin friction into account and all other los.ses may be neglected, 
provided the number of curves or Ijends is not excessive. 

Case of Short Pipes. — A pipe is regarded as short when its length 
is less than 500 times the diameter and very short when it is less than 
50 diameters. In such a case with high heads, V is apt to be so great 
that little is known alx)ut the value of/. It also becomes necessary 
to determine as c losely as jxjssible. For the conditions existing 
and where the pipe is very short, a length equal to three diameters 
should be subtracted from the length /, since that part of the length 
is accounted for in the value of 


Example 2. Conthiioiis same as in Example 1 except that the pipe is only 50 feet 
long. The sutement then becomes, assuming for the moment that / remains the same, 

r- J— __ 

’ I -f- -S + .006 X 4 ^ + S -9 + I t 


„ ./I_I—5^1_ 

V 1 + .5 4 - 4-« +5.9 + 1.5 


19.3 ft. per see. 


Now the (urves, Fig. 312, for this rase indicate that the value of /for this velocity is 
probably much neaicr .005. With this value we get 

r .‘>oH7 

F \ /-- —, —;-: 19 9 ft. per sec. 

V I F .5 -f 4 + 5-0 -b 1-5 

Note that in this case the head lost in friction is smaller than the 
head lost in the elbows and that none of the losses can be neglected. 


Measurement of Gases. 

219. As in the case of liquids, the methods of measuring gas may 
be positive or inferential. In all cases positive methods should be 
used where possible, on account of greater guarantee of accuracy. 

The various possible methods available may be grouped as 
follows: 
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I. Chemical Methods. Used positively for the measurement of 
small quantities of gas. Used also inferentially in boiler and pro¬ 
ducer testing. In either of the last two applications only a small 
part of the flue or producer gas is analyzed, and from this with the 
aid of other factors the total quantity of gas concerned in a given 
operation may be determined. The reader is referred to Chapters 
XIII and XXI for discussion of these analyses. 

II. Measurement by means of orifices, such as openings in flat 
plates, nozzles, etc. These methods are equally applicable to large 
and small volumes and among them are some of the best available. 

III. Measurement by volume displacement, as in gasometers or 
gas meters in general. 

IV. Measurement by determining the average velocity of flow in 
a pijie of known cross section by means of anemometers, Pitot tubes, 
Venturi meters, etc. 

V. Measurement by calorimetiyq or by steam and electric heaters. 

In measuring gases there are several things which must be con¬ 
stantly borne in mind. They arc: 

1. Volume means nothing unless temperature and pressure at 
which the volume is measured are determined and recorded. 

2. Pressure measurement means nothing unless the degree of sat¬ 
uration of the gas with water vapor is known. All gases as handled 
by the engineer are more or less nearly saturated with water vapor 
and the pressure exerted by such a mixture is the sum of that due 
to the gas and that due to the water vapor. In making refined 
calculations the pressure due to the water vapor must be subtracted 
from that of the mixture giving the “ partial f^ressure” due to the gas; 
and the pressure of water vapor in question is not that given in the 
steam tables as corresponding to the temperature, but some fraction 
of that, the fraction being the “percentage humidity.” This cor¬ 
rected partial pressure is then used in the ordinary gas formulas. 

3. Methods of measurement in which the gas to be measured 
comes in contact with water or similar liquid are always subject to 
error, due to the solubility of the different ga.ses in the liquid. Any 
liquid to be used in this way should be saturated with the gas 
or gases in question by allowing them to bubble through it for 
a considerable length of time before measurements are begun. 
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Where the quantity of liquid is relatively small, as in a wet gas 
meter, it soon becomes saturated with the gas and its effect may 
thereafter be disregarded unless there are considerable changes of 
temiieraturc. 

The following table gives the cubic feet of gas measured at 60° F. 
and 14.7 }X)unds per square inch which are soluble in one cubic foot 
of water at 14.7 j)ounds pressure and different temi)eratures. 


Temp , F 

i 

3'" 1 

1 2tJt^ 





Air. 

K 

0 . 02710 -oiL'; 


CarlKjn nionoxitie. . 

0.037 

0 025 


Nitrogen... 

0.0260 017 ■ 

ir, 

C 

0 

G 

('arlxm dioxide. 

1 

o.(>8 

0.26 

Owgen. 

0.053I0.034 

0 0230 .020 

c oi<S5| 
jo oiH ! 
1 

Ammonia. 

1250 

700 


llytirogen, . . . 




II. THE MEA.Sl!REMENT OF OAb BY ME.W'S OF ORIFICES. 

220. Theoretical Velocity and Weight Discharged. — The flow 
is assumed adiabatic. Where the work must be so close that friction 
effects must be allowed for, this is generally done by appl}'ing exjicri- 
mentally determined coefficients to the results obtained ))y adiabatic 
computations. 

Following the methods of P('al*ody,* supjiose the vessel A, Fig. 315, 
contains a frictioniess piston B and the connecting tube C a friction- 
less ])iston D. Let the absolute pressure on B be P, j)Ounds and 
the pressure on 1 ) be Pj pounds jier square foot. As B moves to the 
right, each jwund of gas has done ujxm it the work P,7'„ while each 
jx)und of gas entering C does tlie work P^v^, and f, being the specific 
volumes in cubic feet of the gas 


for the respective absolute pres¬ 



sures P, or Pj per s([uare foot. If 


1 

the velocity of the gas in A -- F,, ® 


f 

and the velocity in the orifice 





_ 1 

sessed by one pound of the fluid 


Fig. 315. 


y 2 y» 

will be and —respectively. Let the intrinsic energy in ^4 be 
25 2 g 

* Thermodynamirs of ihe Steam Engine, p. 424. 
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jEi and that in C be Ey Then it follows, from the assumption of 
adiabatic flow, that 

£, + PiVy + ^ = (30) 

With well-insulated nozzles or pipes the condition of adiabatic 
ft5w is very nearly realized, even if the pi}>e is of considerable length. 

In practice it is customaiy', where orifices are used for measure¬ 
ment, to so proportion the size of A to the size of the orifice that F, 
shall be very small as compared with Fj. Hence the terms depend¬ 
ing upon the former can usually be neglected, and solving for Fg we 
may write, 

Fj = + P^\~Pjv]) ft. i)er sec. (31) 

Now it can be shown that all the intrinsic energy in a gas is avail¬ 
able for outside work in an adiabatic change and that in general 



Making the substitution in (31) we then have 



From the adiabatic law we may derive 


and substituting this value of P^v^ in (32) we obtain 

-^ 

y 2 I - ft. per sec. (33) 

Since temperatures arc quite readily determined, it is more con¬ 
venient to substitute for P^v^ in the alxive equation the equivalent 
EPtf where R is the gas constant and the absolute temperature 
in the reservoir. Hence we will finally have the theoretical velocity 
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With the aid of formula (34) it becomes easy to find the equations 
for theoretical discharge. If F is the area of the orifice in square 
feet, the theoretical discharge in cubic feet will be 






cu. ft. per sec., 


( 35 ) 


and further, if 3 is the density of the gas, in pounds per cubic foot, 
under the condition for which F, is determined, the weight tlieoreti- 
cally discharged will l)e 


1F-F3, 




7—1" 

2.g/?r,-2— 
r -1 


p./ J 


lbs. per sec. (36) 


In practice, equation (36) must be multiplied by a coefficient of 
discharge C, which de[)ends upon the kind of orifice and for which 
values will be given later. 

221. Value of the Pressure P,. — So far nothing has been said of 
the value of the pressure to which the gases exjjand in the nozzle or 
orifice. It has been tacitly assumed that I\ is always the pressure in 
the discharge space beyond the orifice. Experiment, however, has 
shown that the flow under some conditions follows laws which do not 
corresjxmd with this assumption. An examination of equation (36) 
will bring out the error of such a supiX)sition also on theoretical 
grounds. Assume in one case that the pressure in the discharge 
space is equal to P,. Then equation (36) will give IF ■■= o, and that 
is a logical result, for there is then no pressure difference. Next 
assume that the pressure in the outside spac e is o, that is, that there 
is a perfect vacuum. But if P, could drop to that value, equation 
(36) would again give IF == o, because 3 would then be equal to o. 
This conclusion is absurd, because under these conditions we should 
rather expect maximum disciiarge. Hence the pressure in the 
orifice, does not in all cases fall to the pressure in the outside 
space. 

It can be shown that there is an increase in the flow as P, de¬ 
creases below P, until a certain maximum discharge is reached. 
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It can also be shown mathematically that this condition is obtained 
when 



The value of P, obtained from this expression, for a given P„ is 

p 

called the critkal pressure, and the ratio —^ the irUual ralio. Its 

^ I 

theoretical value for air and some other gases, for which x is near 

1 - 4 , "= •527- 

Should the ])rcssure in the dis- 
^ charge s})ace drop bclow the Critical 

^ I Sv value of P.J, the latter shows no fur 

% / I \ ther decrease but retains its value 

t j i \ .527 P]. Graphically this condi 

I 1 \ tion of things may be represented 

) 1.0 as in Fig. 316, in whidi ABC 

Values of ypi rejirescnts the curve of discharge. 

Fig. 316. From C to B, as P, decreases, the 

rate of discharge increases until 

p 

— ,527. Theoretically, W should then again decrease to o 
P> 

p 

when = o, as shown by the branch BO. Instead of this, 1 \ 
Pi 

becomes independent of the outside pressure and W becomes sen.si- 
bly constant, as shown by the line BA. 

In any practical case the method of computation is then as follow’s: 

(a) Determine the ratio of M>a« 

Pressure m rcst'rvoir 

(b) If this is equal to or greater than .527, substitute in equations 
(34), (35) and (36) for Pj the value of the pressure in tlie discliarge 


space. 

(c) If the ratio is less than .527, substitute in the equations for Pj 
a value equal to .527 of the reservoir pressure. 

222. Formulas for the Flow of Air. — Fixing upon the kind of 
gas, air in this case, allows of the substitution in equations (34), (35) 
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and (36) for the constants g = 33.2, R =■ 53.3 and x = 1*405.* The 
equations then become 


and 


=« 109.1 C„y Tij^i - jft. per sec. (38) 

Q = log.iCF^Tf i — ^ cu. ft. per sec. (39) 

W - 109.1 CFd\/ rTi - j (4®) 


in which C,, and C are the coefTicients of velocity and of discharge 
resfHX'tivcly. \\liliin the assumptions made, these formulas arc 
exact and must be used whenever there is any considerable change 
of density in passing from F^ to P.. When the change of density 


is small, liial is, when the ratio y/ is, say, not less than .9, there 

■* I 

are certain substitutions that may be made which simplify the 
numerical work involved without introducing great errors. But 
judgment must be exercised in the use of such approximate 
cfpiations. In this connection see papers by S. A. Moss in Foiver 
for Sept. 20 and 27, 1906, and by R. J. Durley, Trans. A.S.M.E., 


1(705. 

Note particularly that is the pressure in the discharge space 
only as long as the latter is not less than .527 P,. For the condition 
of lower pressures than this in the discharge space, Pj remains at 
the critical value, and the area P' is that cross section of orifice or 
nozzle at which P^ is established. Further, d is the density accord¬ 
ing to the pres.surc Pj and the tem|)erature Unless P, is also 
the pressure in the discharge space, is hard to determine, and 
should be substituted for in terms of P,, P, and R. This can be 
done as follows; From a combination of the adiabatic law and of the 
equation of state for gas, wc may write 


d = 



* y change with tcmperalure, see Chapter XXI under “Specific Heat.'* 
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Substituting this in the general theoretical equation (36) and in 
the special equation (40), we obtain 


W^FP, 



lbs. per sec. 


(41) 


and ] lbs. ]>er sec. (42) 


Equations (41) and (42) are probably the most serviceable, the 
former giving the theoretical discharge for any gas, the latter the 
actual discharge for air and other gases for which y = about 1.405. 
The following table gives values of y for some of the more common 
gases, for ordinary conditions of pressure and temperature. 


For air, y =- 1.402 

oxygen, y =^- 1.400 

atmospheric nitrogen, y 1.408 
hydrogen; y --- 1.420 

CO, y = 1.408 

CO,, y -- 1.296 


223. Value of the Coefficient of Discharge C. — No definite in¬ 
formation seems to be available concerning the value of C for high- 
pressure work. For low pressures the following figures may be 
used. For high-pressure work, and indeed for all accurate work, 
each orifice should be specially calibrated. The scheme mentioned 
in Art. 224 may sometimes be used when it is desired to avoid cali¬ 
bration in connection with high pressures. 

For the purpose of measurement it seems best, judging from the 
data now available, to choose a bell-mouth orifice. This becomes 
apparent upon examination of the values given below for the con¬ 
stant C. A well-rounded orifice has a constant close to .95 and, 
above all, this figure does not change materially with a variation in 
. P . 

the ratio Both Him and Raieau have shown this, the former 

for air and the latter for steam. For an orifice in a thin plate or for 
short cylindrical mouth-pieces with sharp edges, the discharge con¬ 
stant varies with the pressure ratio. It may be near .6 for pressure 
ratios in the neighborhood of .9 or above and may rise to .8 for 
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pressure ratios near .5. The work of Him and Rateau confirm this, 
and Weisbach also found this, as indicated below. 

Weisbach determined the following values of C for air: 

Conoidal mouth-piece of the form of the contracted 
vein, with effective pressures of 0.23 to i.i at¬ 


mospheres. 0.97 to 0.99 

Circular sharp-edged orifices.0.563 to 0.788 

Short cylindrical mouth-pieces. 0.81 too.84 

The same rounded at the inner end.. 0.92 to 0.93 

Conical converging mouth-pieces.0.90 to 0.99 


Moss * found the coefficient of discharge C to be on the average 
.942 for moderate pressures, say up to 8 {)ounds above the atmos- 
l>herc, and for a well-rounded orifice i inch in diameter, the straight 
iwrtion having a length of alxmt inches. 

Prof. R. J. Durley, in the pai)er above mentioned, gives coefficients 
of discharge for circular orifices in thin plates up to 4.5 inches 
diameter for [)re8sures uj^ to 5 inches water. (Sec table.) The thick¬ 


"I 

Diameter of Ontlcc. 

Premire in Inches Water. 

Inches. 







I 


3 

. 

4 

5 

A .C- 


.606 

610 

.613 

,616 

i. 

602 

.605 

.(108 

.6ro 

.613 

I. 

.601 

.60J 

.6055 

.606 

.607 

ti . 

601 

.6 ot 

602 

.603 

.603 

2 . 

.600 

,600 

,600 

.600 

.600 

4 . 

- 5 W 

• .w 


•598 

•598 

. 1 

• .W 

.598 

•597 

•596 

•596 

•d .I 

• 59 <> 

•597 


•S 9 S 

•594 


\ 

• 597 

• 5^^5 

■594 

•593 

41 . 1 


. 5 q 6 

.594 

•595 

• 592 


ness of the orifice plates was .057 inch. The orifices were placed 
in the end wall of a long box of considerably greater cross section, .so 
that the initial velocity could be neglected. For consistent results 
it was found that the cross section of the lx)x should be at least 20 
times that of the orifice. Pressure and temperature were measured 
about 5 feet back from the orifice, the manometer connection 


* S. A. Mos-s, Pomr, Aug. 10, 1905. 
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being carried through the wall so as to be flush with the inner 
surface. 

The older work of Him* on the flow of air through orifices and 
nozzles showed that for a properly designed nozzle the discharge 
coefficient C \aried but slightly with jjrcssure ratios varying from 

^ == .52 to .99, and found C = .966 to .985 for a nozzle with 9 

degrees convergence, and C = .980 to .991 for a nozzle with 13 
degrees convergence. 

For an orifice in a thin plate he found t!ie following results: 

p 

y ==• .95 -9 -8 -7 -b -5 *4 

C == .627 .640 .674 .708 .74] .773 .799 

This series is recomputed from the values given by Him, and repre¬ 
sents the ratio of the discharge volume of the ihin-plale orifice to the 

theoretical discharge volume of a bell- 
mouth orifice (not to the discharge volume 
of a convergent nozzle, as Him gives it). 

One of the most recent investigations on 
this subject is that made by A. O. Muller 
and rejx)rted in the Zeilschrift dcs Vereins 
deutscher Inj’cnieure, Feb. 22, 1908. The 
paper describes the testing a[)paralus and 
the equations applying to each case in 
detail. The pressure dilTerences being 
small, Muller neglected differences of 
density in the gas on the two sides of the 
_ orifices and used the simplified formulas 

V CF V2 gh or V KF V2 gh (see below), in which V is 
volume in cubic feet per second and h is the pressure difference 
expressed in feet of gas column at the density corresponding to the 
reservoir jjrcssure. It should therefore be remembered that the 
coefficients quoted below apjdy to low-j)ressure work only. 

The dimensions of the orifice used are given in Fig. 317. Four 
cases were investigated: 

♦ Annalcs dc Chimie et de Physique, March, i886. 
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(1) Flow from the receiver through the orifice direct into the 
atmosphere. 

(2) Flow from the receiver through the orifice into a tube having 
an internal diameter of 3.22 inches. 

(3) Flow through an orifice, placed at the end of a tube having an 
internal diameter of 3.22 inches, into the atmosphere. 

(4) Flow through an orifice placed across a pipe having an internal 
diameter of 3.22 inches. 


The conditions of flow are indicated in P'igs. 318 to 321. In cases 
(2), (3) and (4) the flow is affected by the varying ratios of the area 


of orifite F to the tut>e area F,. 


. F . 

This ratio -- in the foliov\ ing tables 
'U 


is indicated 1)} m. 

The pressure differences used in this vork did not exceed about 
4 inches water. The results obtained by Muller for case (i) agree 
very well with those found liy Diirley, In the other three cases the 
constant is largely afTected liy the conditions, that is, by the ratio m 
and the friction in the length of the tube /, the latter being measured 
as sliown. T'he constant is in the latter cases radically different 
from the constant C apphmg to the thin- 
plate orifice alone, and has lieen designated 
therefore by the letter K. There is a 
certain relation between C and K by 
means of wdik h in any given case, after C 
is determined from cxjx’rimental data avail¬ 
able, K may be computed, taking into 
account the ratio m and the friction loss 
in the length 1 . For the derivation of 
this relation see the paper mentioned. 

Below the equation is given for each 
case. 

Case (i) 

Diameter of orifice, inches, 

Range of pressures above atm., in. H^O, ,37-2.32 .29-1.43 .2i-.96 

Mean coefficient C, -597 - 59 ^ -596 



Fig. 318. 

.92 1.73 2.44 



438 


EXPERIMENTAL ENGINEERING 



Case (2) 


Fio. 3i<). 


+/')’»■ I {i 


where I is expressed in feel,/ may be taken equal to .124. 
Diameter of orifice, inches, .1)2 x.73 

Range of jxrcssures above atm., in. HjO, .19-2.2 .21-2.2 

~ -r^ fft X .082 .287 

Pi 

K (determined), -632 .685 

C (computed), *602 .585 


.t)2 

1-73 

2.44 

X9-2.2 

.21-2.2 

.04-2.8 

.082 

.287 

.578 

.632 

.685 

.764 

*602 

•585 

C/l 

00 



Fig. J20. 

Case (3) 

__ C _ 

^ = vT-"(r-7o'»»'<^ 

I and / same as in ca.se (2). 


Diameter of orifice, inches. 

.92 

1-73 

2.44 

Range of pressures above atm,, in. H, 0 , 

.12-4.2 

.16-3.8 

.12-4.0 


,082 

,287 

-578 

i', 

K (determined), 

.603 

.644 

' 7 SS 

C (computed), 

.602 

•633 

.691 




f 
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Case (4) 

+(—»)■ 


I and / same as in case (2). 


Diameter of orifice, inches, 

92 

1-73 

2.44 

Range of pressures above atm., in. 11 ^ 0 , 

.20-3.4 

• 12 - 3-5 

.07-2.5 

F 

F, 

.082 

.287 

.578 

K (determined), 

.641 

•7.50 

1.084 

C (computed). 

.609 

.621 

.697 


224. Necessary Precautioas in Orifice Methods. — Great care 
must Ijc taken in measuring air by means of orifices that flow may 
take place and observations may be made in the same way as in the 
original experiment for the determination of the constant. It is 
liest, when possible, to consult the original report in order to be able 
to correctly reproduce the conditions. 

In general, attention must tie given to the following points: 

(1) The orifices must be carefully and accurately made and cor¬ 
rectly measured. 

(2) The velocity of approach must be reduced to a negligible 
value. 

(3) The pressure must be measured in such a way as to get least 
disturbance of flowing gas. The common method is to connect the 
manometer to a tube which passes perpendicularly through the walls 
of the reservoir or pipe just ahead of the orifice. The inner end of 
the tube must be flush with the inner surface of the wall. 

(4) Leakage must be prevented or its value determined and cor¬ 
rections made. 

(5) All changes of section immediately preceding the orifice should 
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be avoided when possible, and if absolutely necessary should be 
gradual and rounded. 

(6) Steady conditions of flow must, if possible, be secured during 
measurements. 

With proper precautions this method is callable of giving results 
accurate to i or 2 per cent, and with extreme care an accuracy well 
within I per cent can be obtained. 

For measurement by means of orifices when the pressure differ¬ 
ences are greater than those for which relial)lc values of the constants 

are available, it is only necessary to 
reduce the high reservoir pressure 
by throttling into another vessel 
from which the flow to the orifice 
takes place. Care should then be 
taken to insure against distur¬ 
bances caused by throttling the 
discliarge. This can alvcays be 
done by allowing sufficient dis¬ 
tance l>etwcen the orifice and the 
[)oint at which throttling lakes 
place. 

Ill MlASCREMCyi BV MI.A.\S Of VOL 
UMF. mSPLACLMLM, C/AS MEJ’fRS nC 

t 

225. The Gasometer.- The 

simplest form of gas meter is 
the well-known gas holder, or so- 
called ga’iotneter. This apparatus 
consists essentially of a tank A, 
Fig. 322, containing water or other lic|uid into which dip.s an 
inverted tank B called the bell. The piping may be arranged as 
in Fig. 322, or separate inlet and outlet pifies may be used. The 
bell is either entirely or partly counterbalanced by a weight F, 
depending upon the gas pressure desired. This method of counter¬ 
balancing. if used alone, w'ould result in a pressure change in the 
gas as the bell a.scends or descends on accoxmt of different degrees 
of immersion of the bell. To allow for this a compensating weight F* 
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acting on a changing arm 
is used where accurate 
work is essential. To 
definitely determine 
weight or volume of gas 
with this instrument, 
three observations are 
necessary: Pressure, tem¬ 
perature and movement 
of bell in a given time. 
Any ‘■uitable instrument 
may be employed for the 
former, although "ince 
the pressure is usually 
but a few inches alxive 
atmos])here the ordinary 
water manometer is 
mostly used, see M, Fig. 
3,22. To determine 
temperature arruratel) it 
is essential that llu tem¬ 
perature of the gasometer 
liiptid should not be lar 
different from that of the 
gas. I'lie movement of 
the bell can usual!) be 
read direct!) b) means 
of a suitable scale 5 
fastened to tlie bell, while 
the tank supports a 
pointer or sighting ar¬ 
rangement V. This 
measurement is suscep¬ 
tible of great refinement 
by electrical means, if 
that should be required. 
Where tlie bell is not 



Fig. 323 —Meter Prover. 
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large and accurately guided, a reading of the movement of the bell 
at a single station may be sufficient, otherwise simultaneous readings 
at not less than three stations are recommended. 

Gasometers may be calibrated either by computation or by actual 
experiment. The former method should be used only where the 
bell is comparatively small, so that the diameter can be accurately 
measured, and where it is accurately cylindrical. Where the second 
method of calibration can be applied it should always be used in 
preference to the first. 

Gasometers are used in two ways, — to measure gas from a pro¬ 
ducer or to a consumer, and largely also to calibrate other types of 
meters, in which case they are usually called meler provers. 

The former method of service needs no further explanation. It 
is intermittent unlt'ss two gasometers are used in jmrallel, one empty¬ 
ing while the other is filling. 

Meter provers are simply accurately constructed and carefully 
calibrated gasometers. A type of one of these in elevation is shown 
in Fig. 323. 

226. Gas Meters. — It was stated above tliat a single gasometer 
caxmot be used for continuous measurement. Gas meters are usu¬ 
ally simply adaptations of the gas¬ 
ometer principle modilied so as to act 
continuously. They are of two dis¬ 
tinct cla.sses, wet and dry. 

Wet Meiers .—The method of 
oi^eration of a meter of this type is 
best explained by the conventional 
sketch, Fig. 324,* which shows a 
cross section. The meter consists of 
a horijsontal drum which rotates in 
Frc. 324.-Simple Form OF Wet a stationary drum and is divided 
Gas. Meter. compartments. A, B, C, D. 

The lower part of the rotating drum dips into water which opens 
and closes the slots or ports abed, by which the gas coming 
through the central pipe E enters the respective compartments, 
and also controls the outlet ports a'Vc'd' through which the gas 
* See Gramberg, Technische Messun^en, p nt 
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leaves the compartments and reaches the discharge side of the 
meter at F. With the rotation of the drum as shown by the arrow, 
it will be seen that B is filling with gas, while the filling of C just 
starts. A is discharging, while the discharge of D is just about 
completed. No gas can go through the meter without registration, 
because in no compartment will the in- and outlet ports be open at 
the same time. Rotation is produced by the fact that on account 
of the slightly greater pressure at the inlet, the water level will be 
slightly higher on the right side of the meter. Hence tliis half is 
continuously heavier than the left side and descends. 

Such a meter is not used much in 
practice, because it is not easy to 
make the ports at the center and in 
the side wall of the drum of sufficient 
size. In many constructions, there¬ 
fore, the ports are placed in the end 
walls, the inlet {X)rts at one end, the 
outlet ports at the other. The com¬ 
partment walls are s[)irally twisted, 
because it is necessary to offset the 
ports about the same as in Fig. 324. 

The gas then jjasses nearly axially in¬ 
stead of radially through the meter. 

A study of Fig, 325, in which the cylindrical side wall of the drum has 
been removed, may make the construction clear. 

The accurate indication of wet meters depends upon the height 
of the water level in the chambers, since the cajmeity of the latter 
varies with a drop or rise in the water level. It is therefore essential 
that this be checked from time to time, because the gas passing will 
tend to saturate itself and lower the level. Meters constructed for 
experimental purposes are usually furnished with a fill- and an over¬ 
flow opening. Through the former water is fed into the housing 
until it shows at the latter opening. The meter is then allowed to 
drain out until the flow of water through the overflow ceases, and 
both openings are then closed. Large meters, such as station meters, 
are often furnished with continuous water circulation to maintain 
the proper level. Any wet meter to be used for accurate work 



Fig 33s;.—O rdinary Construction 
OK Wlt Gas Meter Drum. 
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should be supplied with spirit level, or levels, so that it may be set 
true every time it is used. 

As in the case of gasometers, the observations required, besides 
the movement of the drum, which is usually mechanically recorded on 
dials suitably graduated, are pressure and temperature. The pres¬ 
sure determination .should be made in the filling chamber near the 
end of the filling operation, while the temperature should be that 
of the gas near the outlet. It is desirable to have gas and water 
temperature as close together as possible, and to have the water 
saturated with the gas. 

Dry Gas Meters. — The dry gas meter pos.sesses the advantages 
of not being affected by frost nor of increasing the amount of 
moisture in the gas. It is made in various forms, and generally con¬ 
sists of two chambers separated from each other by partitions. Each 
chamber is divided into two parts by a flexible j^artition which moves 
backwards and forwards, and actuates the recording mechanism 
as the gas flows in or out. This motion is regulated by slide valves 
somewhat similar to those of a steam engine. A type example of 
such a meter is illustrated in Figs. 326 to 328.* The meter casing 
is divided into two exterior measuring chambers PP by a vertical 
partition. On each side of this partition tlierc are located two in¬ 
terior measuring chambers Q(), which consist of two movable disks 
DD and flexil)le shells. In Fig. 328, the left-hand side shows the 
interior measuring chamber exhaustexi, while at the right the chamber 
Q is filled. Gas is admitted from the inlet pipe A to the measuring 
chambers on the same side of the central partition, that is, to P and Q 
alternately, by means of simple slide valves V. /Is Q fills, a corre-. 
spending quantity of gas is displaced out of P, flows through the 
center port of valve V and finds its way into passages E and into the 
discharge pipe B. Guides Hll are provided to preserve parallel 
motion of the disks D. The motion of the latter is transmitted 
through G and rods R to the crank mechanism KKN, which turns a 
short vertical spindle. The length of the crank, in order to regulate 
the disk travel, maybe changed by adjusting the position of the pin 
N in the slot shown. The motion of the spindle is transmitted to the 


* Webtier, Town Gas and its Uses* 



Fig. 327. Fig. 328. 

Figs 326-328. —Typf or Dry tUs Meter. 


index by wheel and shaft S. The crank 0 , see Fig. 327, operates 
the slide valves. 

227. Dry Meters of Large Capacity. — The ordinary gas meter, 
whether wet or dry, .soon reaches great proportions when it is at¬ 
tempted to handle large quantities of gas. To obtain large capacity 
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with moderate size, several modifications of the dry meter have been 
brought out. Fig. 329 shows a rotary or turbine meter, the operation 
of which is plain from the cut. This type of meter has a minimum 
limit, like the water meter of similar construction, in that it requires 
a certain velocity of flow to overcome the frictional resistance of the 



Fig. 329. '—‘Rutary or Turhike Gas Mrter. 


mechanism. Such a meter gives nearly unrestricted passage and is 
consequently of large capacity. 

Another method of reaching the same end is to use the shunt 
principle, that is, to actually meter only a definite proportional part 
of the total quantity flowing. Such a construction really consists 
of two distinct parts; a meter, either wet or dry, but usually the 
latter, is placed in the smaller shunt pipe, while the main pipe con- 
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tarns a pressure regulating mechanism which is designed to main¬ 
tain a definite proportion between the volumes passing the two pipes 
for widely varying inlet pressures. The accuracy of the meter 
dej)ends directly upon how well the regulating mechanism performs 
its functions of maintaining proportionality. 

228. Calibration of Meters and the Relative Accuracy of Wet and 
Dry Meters. — It should be made a general rule that no meter be 
used for experimental work unless it be calibrated. This holds espe¬ 
cially for dry meters, as this class is usually inferior to wet meters as 
far as accuracy is concerned. The only way to calibrate is to send 
or draw through the meter a definite volume of gas for which the 
pres.sure and temperature are known. In every case a calibration 
curve covering a range of rates of flow should be determined, and 
to prevent unnecessary com])utations it is well to construct this curve 
for standartl conditions, which for gas work are fast becoming fixed 
at 60° F. and 14.7 jwunds jmessure. 

For small metcri, such as the Junker gas calorimeter meter, a 
lx)ttle holding several liters nuy be conveniently u.sed for calibration, 
the air or gas being displaced and sent through the meter at different 
rates by water displacement. For larger meters the meter prover 
will have to be used. 

229. Gas-meter Capacities. — Gas meters are often rated accord¬ 
ing to the number of gas burners they will supply, a burner being 
rated at somewhat over 5 cubic feet of gas per hour. Thus, a 10- 
light meter is good for a normal capacity of alx)ut 50 cubic feet per 
hour, a 200-light meter will have a capacity of about 1000 cubic feet 
per hour. A dry meter of the latter capacity would call for al)out 
a 2-inch pipe connection. 

Meters of the rotaiy' type are made in capacities from about 1500 
to 100,000 cubic feet per hour. For the latter meter, the pipe con¬ 
nection would be alx)ut 30 inches, for the former about 3 inches. 
Proportional meters can be had with capacities up to 200,000 cubic 
feet per hour. 

230. Reservoir Method of Measuring Air or Other Gases. — This 
method is somewhat similar to the gasometer method except that 
the volume instead of the pressure is kept constant. It is sometimes 
used in measuring the discharge of air compressors. For this pur- 
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pose the compressor is made to deliver against any desired pressure, 
which is kept constant by a regulating valve, into a tank or receiver 
until the pressure in the tank approaches the desired delivery pressure. 
The readings nwessary are the following: pi and /, in the tank at 
the beginning of a trial, and 4 the end of the trial and time 
required to pump from the pressure />, to the pressure p^. A relief 
valve is provided between lank and regulating valve which serves 
to again reduce the pressure in the tank and through which the com¬ 
pressor may also discharge between trials. Concerning the pressure 
determination, it is well to state that if a gauge is used should 
be taken at some pressure above the atmosphere, as the gauge indi¬ 
cations arc generally very uncertain near the zero of the scale. The 
bad feature of the receiver method of measuring air consists in the 
determination of the average air temperature. The temperature i^ 
not likely to remain constant during a given trial, but changes, due to 
the different temperature of the incoming air, to the heal developed 
by compression in the receiver itself, and to the loss by radiation. 
If jx)Hsiblc, the higher [)ressure should be maintained in the tank 
until the final temperature is determined, which is not particularly 
easy where the volume is large. If the latter metiiod is adojiteil, a 
tight tank is an absolute requirement. 

As far as the computations arc concerned, the result will be e.x- 
pressed in weight of air, since the volume V of the tank in cubic feet 
is a constant. For the condition at the beginning, the lank contains 
a weight of air equal to 

VP, 

IF, -- -^ jKiunds, 

5,b3 •') 

53.3 being the value of the constant R for air and P the absolute 
jjrcssure in pounds per square foot. 

For the end condition we have similarly 

VP 

IF, = -^ jiounds. 

53-3 ^3 

The weight added in the given time is therefore 

W |X)unds. (43) 

This weight of air can then easily be converted to cubic feet of 
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compresbor discharge when ihe pressure and temperature conditions 
are given. 

In case the gas consumption of any given machine or apparatus, 
as for instance a gas engine, is desired, the above described receiver 
method may be inverted; that is, the tank is pumped up to a high 
pressure and the gas is then throttled to the desired pres.sure. The 
measurements and com{)utations are the same as above. The 
method is likely to give Ijetter results because the temperature 
determination can be made in the outlet pipe with more certainty 
of obtaining an average. 

iv. MEASUREMENT OF GAS BY nETERMINATION 01 AVERAGE VELOCITY. 

The principal instruments used for this puqiose arc anemometers, 
Pitot tube.s, and Venturi meters. 

231. Anemometers, as far as the principle of their action is con¬ 
cerned, are very similar to current meters, see Art. 210, p. 402, an{l 
what is stated there concern¬ 
ing accuracy ajiplies equally 
well to these instruments. 

Anemometer wheels are of 
course built as light as jxis- 
sible consistent with stiflncss, 
mounted in bearings that can 
be nicely adjusted, and are 
very carefully balanced. 

A form shown in Fig. 330 
with flat vanes, and with the 
dial arranged in the center as 
shown, or on toj) of the case 
in various jxisitions, is much 
used as a portable instrument. 

The dial merhanism of the 
anemometer can be started or 
stopped by a trip arranged 
convenient to the operator; in some instances the dial mechanism is 
operatcxl by an electric current similar to that described in connection 
with the current meter. They can also be made self-recording by 
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attaching clockwork carrying an endless paper strip which is moved 
under a pencil operated by the anemometer mechanism. 

Robinson’s anemometer, which consists of hemispherical cups 
revolving around a vertical axis, is much used for meteorological 
observations. This type of instrument can be used for higher 
velocities the other; it is good for about 200 ft. per sec., while 
the other often fails at about 100 ft. per sec. 

Calihration of —Anemometers are calibrated by 

moving them at a constant velocity through still air and noting the 
readings on the dials for various rates of movement. This is usually 
done by mounting the anemometer rigidly on a long horizontal arm 
which can be rotated about a vertical a.xis at a constant speed. The 
distance moved by the anemometer in a given time is com])uted 
from the known distance to the axis and the number of revolutions 
per minute; from these data the velocity is computed. 

In performing this experiment care must be taken that the axis of 
the anemometer is at right angles to the rotating arm. Readings 
should be taken at various speeds, since the correction is seldom 
either a constant quantity or one directly dependent on the velocity. 

Anemometers can also be calibrated by measuring the quantity 
of air flowing through a conduit with some other apjjaratus and i om- 
paring the anemometer reading in the same conduit with the velocity 
thus determined. The test should be made with ditTerent quanti¬ 
ties so as to calibrate the anemometer over its entire range. Some¬ 
times such a test is made by placing the anemometer in a pipe which 
tightly fits the casing, thus causing all of the air measured to pass 
through it, computing the actual velocity from volume and cross 
section. It will in general be found, on comparing the result with 
that obtained for the same actual velocity when swinging the ane¬ 
mometer through still air, that the results do not check, but that the 
velocity shown in the latter case, where the air may pass around 
the outside of the anemometer ca.se, is less than that given by the 
former method. The difference may amount to 20 per cent, and it 
becomes a question to decide which one of the calibration results is 
the one to use. Evidently the conditions of calibration are not the 
same. That being the case, it is next evident that the conditions 
under which the anemometer is used should determine the method 
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)f calibration. If, for instance, the velocity of the wind is to Ije 
found, the anemometer should be calibrated by swinging it. On the 
)ther hand, if the cross section of the pipe or duct in which gas 
velocity is measured is not very great as compared with the size 
)f the anemometer, evidently the second method of calibration is to 
>e preferred. But between these extremes there are a variety of 
ntermediate cases, and this fact is what makes the anemometer in 
iome instances an unreliable instrument. 

232. Precautions Necessary in the Use of Anemometers. — These 
nstruments possess upper and lower velocity limits beyond which 
hey should not be used. When the velocity is very low the friction 
)f the instrument is relatively so great as to make it unreliable or 
otally inoperative, as is the case with current meters. W'hcn the 
/elocity is very high an anemometer built for ordinar)' service is apt 
0 be bent out of shape, due to its light construction, and the friction 
OSS is often considerably increased. 

Due to the delicate construction of most of these instruments they 
•eejuire careful handling, and they should be frequently calibrated 
0 guard against changes of the calibration constants due to bending 
)f the vanes, wear of parts, etc. 

233. Measurement of Gas by Means of Pitot Tubes. — The device 
lescribed in Arts. 213 to 215 for use with water may also be used for 
neasuring the velocity of gases, and the statements there made con- 
erning accuracy, etc., apply in general also to this case. The 
?elocitv may be computed from the formula 

V=-Cv^2~gH (44) 

n which C is an experimentally determined constant and H is the 
velocity head. H depends upon the gas used, and care must be 
aken to compute it projierly from the velocity head as measured, 
f water is used as the manometer liquid, let h = the velocity head 
n water inches. Then H =• /ir, where r is the number of feet of 
;as which will give the same pressure as i inch of water. In general, 
or any manometer liquid H - kh'r, where r is as above, h' ■= 
velocity head as measured in inches, and k is the density of the 
nanometer liquid as compared with water. C should be close to 
!.o, if all conditions are properly adjusted. 

For a temperature of 60° F. and a barometric pressure of 29.9a 
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inches Hg, i inch of water column will balance 68 feet of dry air, 
or r = 68. 

It should be noted that for ordinary gas velocities tlie actual 
manometer reading may be very small, so that it is very difficult to 
guard against aj)preciable errors in the calculated velocities. The 
best that can be done is to use some form of differential manometer 
so as to make the manometer reading as reliable as ix)ssible; see 
Art. 91, p. 174. 

The density of gas increases directly with the absolute pressure 
and inversely as the absolute temperature; it varies also with 
moisture, so that corrections are required for pressure, temjHjrature, 
and the amount of moisture. 

When the precautions and directions laid down for the use of the 
Pitot tube with water are observed, the instrument will give satis¬ 
factory results also for gases. A thorough discussion of the use of 
the Pitot tube for the measurement of gases tlowing in pipes is given 
by R. Threlfall in a paper before the British Institution of Mechani¬ 
cal Engineers in 1904. 

234. Measurement of Gas by Venturi Meter. — Recent experi¬ 
ments show the Venturi meter to be a satisfactory instrument for the 
measurement of gases.* For the theor}' for this instrument see 
Art. 19s, p. 369. 

The formula for velocity in the throat of such a meter is 



in which 

Subscri{)ts i refer to the upstream end of meter, 

Subscrijits 2 refer to the throat of meter, 

P is the pressure in jx)unds per square foot, 

S is the density of the gas being metered, pounds per cubic foot, 
F is the area in square feet, 

See paper “The Flow of Fluids in a Venturi Tube,” by R P. Coleman, Trans. 

A. S M K.y VoL 28, p. 483. 
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c 

X is the ratio of specific heats, , and 

C is an experimentally determined constant. 

The value of C is not as yet well determined for widely differing 
conditions, but it seems to be practically constant over a wide range 
of throat velocities and to be near unity. In any case, a meter once 
calibrated over a sufficient range can be used without sensible error 
over the same range with litUe danger of the constant changing, 
unless the gas carries foreign matter such as dust or tar in suspen- . 
sion. In such cases periodic cleaning must be resorted to. 


V. MEASUREMENT OF GAS BY CAtORIMETRY. 


235. Methods Used. — This method offers a very convenient and 
comparatively simple means of measuring gas. It is applicable to 
the measurement of botli large and small quantities, but is apt to 
give erratic results when the quantities become so small that radia¬ 
tion may cause an appreciable error. For large quantities it is one 
of the best. 

In principle it is simple: a measured <|uantity of heat is added to 
the gas flowing through a conduit and the rise of lem})eralure is 
measured; then 

11 -r--^ WC^ {r - T), (46) 

in which 

71 = heat supplied, in a given time, 
r - radiation loss in same time, 

W =“ weight of gas passed in same time, 

Cf -== specific heat of gas at constant pressure, 

T' = final temperature of gas, 

T •= initial temperature of gas. 

From this 


and if radiation 


W - 
be neglected 


H -r 
C^iT-T) 

__ H 

CAT'-T)' 


A method of making the measurements above outlined is illus¬ 
trated in Fig. 331, in which the gas enters the pipe orclmnnel at A 
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and is discharged at D. Means for heating, which may be either a 
steam or electric radiator, is to be sui)plic(l. If a steam radiator is 
used, the heat discharged is computed from measurements of the 
weight and temperature of the condensed steam, the heat entering 

from measurements of pres¬ 
sure, quality, and weight by 
methods already explained. 
I'he heat taken up by the air 
it, the difference of that enter¬ 
ing and discharged. If an 
electric heater is used, the elec 
trie energy disai)i)earing is 
measured and reduced by 
computation to heat-uniIs. 
The means for heating should be of such form as to heat the air 
uniformly. 

J-he temperature of the entering and discharged air should be taken 
at sufficiently numerous jioints in the cross section to make the aver¬ 
age results accurate, and the thermometers should be j)rotecfed from 
radiant heat. The average temperature should also be measured 
at the section where the velocity is to be computed. It may be de¬ 
sirable, in case extreme accuracy is required, to compute the weight 
of moisture in the air from observations vith the dr} - and wet-bulb 



Fig. 331.—Calorimetric Method 01 
Measuring Gases (Steam Heater). 


thermometer. 

Very satisfactory results are obtained by the use of resistance 
thermometers, because the wire forming the resistances can be strung 
on frames or insulators in such a way as to be well distributed over 
the entire section of the channel, giving a good average temperature 
reading. An electric meter constructed on these principles is now in 
tiie mariket* 


As the actual rise of temperature in practical cases is small, radia¬ 
tion may in general be disregarded. In case it is desirable to allow 
for it an approximate value may be obtained by stopping the flow of 
gas and measuring the heat input necessary to maintain the heating 
chambers at a temperature about halfway between the values of 
entering and leaving temperatures when the gas is flowing. 


* See an article on the Tbocmw gas meter in ifaoJ 
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ivlEASUREMENT OF VaPORS. 

236. General Considerations. — In general, vapors may be meas¬ 
ured by any of the means used in the measurement of gases, but 
when dealing with vapors wet, dry and saturated, or only slightly 
superheated, many of these methods give very questionable results. 
The laws of vapors slightly superheated, that is relatively near the 
dry, saturated condition, arc not as yet well known. During the 
I)ast few years much work has been done in this region in the case 
of water vajtor, but even here considerable doubt still exists. The 
more the vapor is superheated, that is, the further it is removed from 
the condition of saturation, the more nearly doe^ it obey the laws of 
perfect gases and therefore the more accurate do the methods of gas 
measurement become. 

For vajx)rs which are near the saturated condition, or are actually 
saturated, it is best, when possible, to base all measurements u])on 
the weight or volume of the liquid before vaporization or after con¬ 
densation. This is the most common method of measuring steam 
and i.-> undoubtedly the best. 

The various methods in more or less common use for the measure¬ 
ment of vajwrs may be grouped as follows; 

I. Determination of the volume or weight of liquid before vapori¬ 
zation or after condensation. 

II. Measurement by means of orilice.s. 

ITT. Measurement of the average velocity of flow in a pipe or 
conduit. 

IV. Calorimetric measurement. 


I. DETERMINATION OF WEIGHT OF LIQUID. 


Piil 


237. Methods Used. — For this purpose any of the methods given 
for the measurement of liquid may be used. The most common 
methbd.s are direct weighing or the use of a calibrated meter. In 
engineering the vapor to be measured is generally steam, and it is 
customary to measure either the toiler feed water or the liquid 
resulting from condensation in sonic apparatus. It should be ob¬ 
served that in either case there arc jiossibilities of considerable leak¬ 
age, and unless these are guarded against or the leakage actually 
pleasured, errors of unknown magnitude may occur. 
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11. MEASUREMENT BY MEANS OH ORIFICES. 

238. General Case. Theoretical Velocity Attained. — If it is 

again assumed that the flow is adiabatic, and that there is no friction, 
a brief consideration will show tliat the kinetic energy that the vapor 
has gained in [lassing the orifice must be exactly equal to the differ¬ 
ence m the heat content of the vapor under the initial and final con¬ 
ditions.* 

Case of Saluraied Vapor. 

The equation for velocity can be developed by making the proper 
substitution for the intrinsic energy in equation (31), p. 420. For a 
mixture of a liquid and its vapor the intrinsic energy generally is 

E--j{xp q), 


in which A - — 

778 

X — quality of the vapor mixture, 
p = internal latent heat, 
heat of the liquid. 

As in the case of gases, we then obtain 
F* I 

J {XtP, + ?. - x^p^- q,) + F.v, - (47) 

Now in general, 

V -- »« + (i - x)a, 

in which v = specific volume of the mixture of liquid and vajxir, 
w •>= increase in volume during vaporization, 
a = specific volume of the liquid. 

The factor (i - x)a is so small that for ordinary engineering 
work it may be neglected, and substituting for Vi and in equation 
(47), we shall have 
i4F’ 

= «,/0t - - j-, + AP^x^u^ - (48) 

* o 

To simplify this equation, write f = p -t- APu, whence 
AVf 

f + qt- »/, - q„ 

from which finally 


(48a) 




•f- (xVi + qt- */j ~ ?j) ft. per sec. 


(49) 


^ Strictly, tHs statement is not accurate on account of the fact that the AFu values 
aw not the same for the initial and final conditions. 
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In this formula theterms fj and 3, are known from the steam table 
for the pressure P„ and x, can easily be found by calorimeter. The 
terms r, and become known as soon as the final pressure in the 
orifice or nozzle (which is not necessarily that of the atmosphere 
into which the vapor may be discharging) is determined (see Art. 221). 
x^, the quality at the pressure P,, may then be found from the entropy 
equation 

^ ^ , ' (50) 

11 i j 

• ♦ Xf 

in which the term — represents the entropy of the vapor and 0 that 

of the liquid. P„ Pj, and being known, all the terms of this equa¬ 
tion except Xj may be obtained from steam tables (see Appendix). 
Case of Vapor Initially Superheated. 

(а) Vapor wet in final condition. Usual case. The simplest 
way of taking care of this is to add some term to equation (48a) to 
allow for the heat represented by the degree of superheat. Thus 
equation (48a) may be modified to read 

A V * T'* 

- I cdt + r^ + q^~ X/, - (51) 

2 g ‘'t. 

Here, as in tlic case of saturated steam, the value of x, must be 
found, which can be done from 

Cl) log. ^ -f ^ + dj, (52) 

where P, absolute temperature of the superheated vajxir, 

P, and Pj are the saturation temperatures of the vaixjr at 
[)ressures P, and Pj resjxjctively, 

and Cd is the mean sjiecific heat at constant pressure of the super¬ 
heated vapor in the temperature interval P, — P^. 

(б) Vapor remaining superheated throughout. This case is not 
of much practical importance. The equations applying to it may be 
easily developed in case of necessity from equations (50) and (51) 
by certain modifications. 

339. Method of Determining Theoretical Velocity for Steam from 
the Heat Chart, Fig. 245. — A quick method of determining 
r, is available by the use of the diagram Fig. 245. From the 
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point on the diagram corresponding to the initial condition of the 
steam move down a vertical (isentropic) line to a point of inter¬ 
section with the pressure existing in the smallest section F in the 
nozzle or other orifice. This corresponds to the adiabatic change. 
The first point on the diagram gives the heat content of the steam in 
the beginning, the last the heat content after expansion in the nozzle. 
Calling the difference B, we may compute the velocity from 

Fj = ft. per sec. (53) 


240. Value of the Pressure Pj. — As in the case of the gases the 
value of the pressure P^ is not necessarily that of the pressure in 
the discharge space, there being critical pressures and critical ratios 
which appear to change slightly with the shape of the orifice and 
with the condition of the vapor as to quality. 

None of the equations so far given for steam will serve to bring 
out this critical data, as none of them involve the pressure ratios. 
Equations exactly similar to those for gases have, however, been 
developed by Zeuncr and others. Zeuner gives the following ex¬ 
pression for the theoretical velocity: 


F, 



fl. jxir sec. 


(54) 


This value for F^ becomes a maximum when the pre-ssure in the 
nozzle is 



(55) 


For saturated steam, with x not less than .7, we may write 


r =•-1-035 + 

so that for x — 1.0, y ~ 1.135 

and for x = .7, y 1.105. 

This about covers the field of saturated steam as commercially used, 
and for these values of y, Pt ~ -SjS Pi in the case of the higher 
quality, and = .583 Pj in the case of the lower. Evidently the criti¬ 
cal value P,, = Fj = .58 P^ fits every ordinary case of saturated 
steam. 
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For superheated steam j- ^ approximately 1.39, for which 
would be =» .55 P,. But in the ordinary case the superheated steam 
expanding becomes wet and changes its value of y to near those first 
quoted. The case is complicated, 
the value of P, then being some¬ 
where between .55 and .58 Pj. 

To apply equations (49) and 
(51) in any practical case, it there¬ 
fore again becomes necessary, as 
for a gas, to check the pressure 

. Pressure in Discharge Space 

ratio -—-°• 

Pressure m Reservoir 

If this is greater than .58 (or .55 
for superheated steam), and 
apply to the pressure in the dis¬ 
charge ^pace, and .y^ may then be 
found from ecjuations (50) or (52). 

If, on the other hand, the ratio is 
less than .58 (or .55), the jiressure 
for wliicli and (and also .v^) 
are found will be for the critical 
pressure -- .58 (or .55) P,. 

241. Weight of Vapor Dis¬ 
charged. — II F is the area in sq. 
ft. of the section of the nozzle at 
which and P, are established (in 
convergent nozzles and bell-mouth 
orifices the smallest section), and S 
is the density (pounds per cubic foot of the mixture of liquid and 
vapor, or vapor alone if superheaksi), the theoretical discharge weight 
will be 

W ■ Ftl\ \ lbs. per sec. (t:6) 

In any actual case this is modified by a coefficient of discharge C, 
for which values are given below, so that 

W -= CFd]\ lbs. per sec. (57) 

242. Value of the Coefficient of Discharge C. — Comparatively 
few experiments have been made on orifices or nozzles properly 


Oritico b Thm FlaU 
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u. -206 
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shaped to give the maximum discharge. Perhaps the most extei- 
sive ones made on steam are those of Rateau* and Gutermuth.! 

The dimensions of the orifices and nozzles used by Rateau are given 
in Fig. 332. These have been left in millimeters, from which they may 
be easily reduced lo inches by dividing by 25.4. The results ob¬ 
tained plotted as the ratio of the discharge W actually obtained to the 



ilatio of Hack Proijsurc P« to Initial ProeBure Pt 
333* Vaixtes ojt Discharge Coefpictent C for Flow of Steam 
THROUGH Nozzles. 

Curve A’^B is the thmetical discharge, curve C-D the average actusl discharge for the 
three nozzles B, and C, Fig. 332. The discharge coefficient C is then the 
ordinate of C-D 


ratio of 


ordinate of J-B* 


theoretical maximum discharge W„, are given in the curves, Fig. 333. 
The initial pressures used went up to about 145 pounds per square 
inch for nozzles A and B, to about 85 pounds for nozzle C, and to 
75 pounds for the thin-plate orifice. The curves show that for a 
properly designed mouth-piece or convergent nozzle, the constant C 
is again slightly below 1.0, as for air. The curve A-B is the curve 
of theoretical discharge, while C-B is the average of the figures 

* Experimental R^jsearches on the Flow of Steam through Nozzles and Orifices, 
A. Rateau, translated from the French by H. B. Brydon. 

f Gutermuth, Experiments on the Flow of Steam through Orifices, Zdtscknjt 
d* V, d, Jan. 16, 1904. 
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obtained for all three nozzles. Taking the ratio of the ordinates of 

p 

these curves gives the coefficient C. This increases from ,94 at 

I 

P P 

=» about .96 to .967 at-j^ » .8, to .974 at-^ =» .7, and has practi- 
*1 P\ 

p 

cally the value i.o when the critical ratio = .57 is reached. 

The rt*sults for the ihin-plate orifice are shown in curve E-F. In 
this case, again taking the constant equal to the ratio of ordinates of 
E~F to ordinates of A~B, the variation is shown by the practically 

P 

straight line G~H. The coefficient starts with a value of .622 at^ 

P 

.9 and increases to ,770 at .6, It still seems to increase 
p 

after the critical ratio .58 is passed, 

I 

A close analysis of Rateau’s work will show that it is subject to 
several cumulative errors, especially for pressure ratios around the 
critical, so that the values of C may be as much as 2 per cent too 
high. The inaccuracies are partly due to new steam-table data 
which was not available at the time the work was done. 


Gutermuth's work was done with 
a view to determining the conditions 
controlling the flow of steam through 
valve ports of steam engines, and to 
that end, besides investigating cir¬ 
cular, sharp-edged, and bell-mouth 
orifices, he also tested rectangular ori¬ 
fices with curved extensions approxi¬ 
mating the shape of valve ports. 
Only the results on the circular ori¬ 
fices are of interest here. 



Fio- 334- 


Fig. 334 shows the dimensions, estimated from the original cuts, 


of the circular orifices used. 


Form II gave a constant C very close to i.o, as might be expected. 


This orifice practically gave the theoretical discharge as computed 
by Zenner’s equation and equation (57), taking y = i'i 35 - Form I, 
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not a true thin-plate orifice, gave the following results, the initial 
pressure being about 130 pounds per square inch absolute. 

P 

For ,977 .944 -888 .777 .666 .611 .577 

C .705 .78 .80s -846 .855 .868 .88 

These values are throughout greater than those found by Rateau 
for a thin-plate orifice, as might be expected. 

In applying the orifice method of measuring steam it therefore 
seecas better to use a well-rounded orifice than an orifice in a thin 
plate, on account of the greater certainty in the coefficient and its 
smaller variation. 

243. Approximate Formulae for the Flow of Steam through 
Orifices. —If in equation (54) we substitute g — 32.2, y — 1.135, 

p 

and = .58, and P, = 144 />„ we obtain 

_ 

F, = 70 ft. per .sec., (58) 

and in theory this velocity will be constant as long as the j)ressure 
in the discharge space is less than .58 P,. Now for .saturated steam 
oitt constant -- approx. 485, (59) 

where p, is pounds per square inch, and v, - s^iecific volume in cubic 
feet. 

From this v, - 

ft 

and substituting this value in equation (58), we have 

Fj - 1274 ft. j>er. .sec. (60) 

The weight discharged will then be 

W = CF ^ F, = 1274 CF d per sec. (Oi) 

d is the density of the va[x>r at the lower pressure P„ and assuming 
that the vapor is still saturated at that pressure, we may write 

^2 332-6 332.6 

Substitute this value of <5 in equation (61) and we obtain 

W =* 2.3 CFpp” lbs. per sec. (62) 

For an orifice with well-rounded entrance, put C i.o, and if F is 
expressed in square inches instead of square feet, we will finally have 
for such an orifice 


W - .016 FPi''” lbs. per sec. 


(63) 
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This is Grashof s formula, and the dimensions of the equation are: 
IV, in pounds per second; F, in square inches of smallest area; and 
the initial pressure in pounds per square inch. 

Grashof’s equation may be written 

TV - lbs. per sec. (64) 

62.5 

An eiiuation of very similar form was developed by Rankine upon 
the basis of work done by R. D. Napier. He gives 

TV = ^, (65) 

70 

and this equation is known as Napier's formula. 

When the pressure is greater than .58 the flow, according to 
Rankine, may be approximately expressed by 

W ~ 1 3 (i’t A lI ^ j 5 j-_ per s(jc. (66) 

Note that the pressures in equation (66) are in pounds per square 
inch. 

The error of cither one of the approximate equations is likely to 
be ± 2 jx;r cent. 

in MEASUREMENT OF VAPOR BY DETERMINING AVERAGE VEEOCITY. 

STEAM METERS 

244. The instruments which may be used for this ])urjx)se are 
mainly Pitot and Venturi tubes. The method of applying these to 
gases has been outlined in Arts. 233 and 234. The laws arc practi¬ 
cally the same for \’a|K)rs. 

245. Steam Meters. — When the readings of either one of the 
above instruments are made continuous in some manner, we have 
what is known as a steam meter. There are, however, several other 
fundamental types of steam meters,* and for the purpose of explain¬ 
ing their principle they may be generally classified as 

(а) Meters employing the Pitot tube principle. 

(б) Meters employing the Venturi tube principle. 

(r) Orifice meters. 

(d) Float meters. 

♦ Pmbably the most extensive treatise on steam meters is that given by F. Bendemann 
in the Zeitschrifi des Verelnsdeutscher Ingenimre, Jan, 2 and 23,1909. To this treatise 
several of the following cuts arc due. 
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Some of the oldest steam meters employed a wheel and were con¬ 
structed much like the present-day turbine water meter, but that 
design has apparently been given up. The number of steam meters 
on the market to-day is considerable. Their accuracy depends upon 
how well the various factors entering the problem are taken care of. 
The makers of the best of them will guarantee an accuracy of ± 3 -5 
percent on steady flow. None of these are apparendy quite satisfactory 
on intermittent or pulsating flow. In any case where they must be 
used with such flow, a special calibration after installation is necessary. 

What may be called the “operating” part of most of the steam 
meters is very simple; the “recording” apparatus is, on the other 



hand, in many cases quite complex, especially if compensations for 
pressure and temperature variations are made. 

The quantity of s team flo wing through any given main depends 
ujxjn the function '^pi- and upon the density 8 , which for prac¬ 
tical purposes may be expressed by Vp^. A meter to be accurate 
must therefore account for both of these factors, and if the steam 
should at any time be superheated, a temperature correction also 
enters. Apparendy only one of the commercial meters corrects for 
temperature, and even in that case the adjustment is made by hand 
and not automatically. 






t 
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(fl) Pitot Tube Meters. The simplest form of this meter is appar¬ 
ently that designed by Burnham, Fig. 335. The height of the water 
column in the glass is a function of the velocity. The position of the 
impact opening with reference to the cross section of the pipe is evi¬ 
dently of importance. It should in theory be placed at the point of 
average velocity, but the determination of this position in practice 
is not so easy and would in any case require traversing with various 
velocities of current. The density factor is apparently not taken 
care of in the instrument and will have to enter into the computation 
for weight. 

A much more elaborate meter based on this principle is that made 
by the General Electric Company. Here the static and impact tubes, 
combined in what is called the nozzle plug, Fig. 336, extend nearly 



Fig. 336. —Nozzle Plug, G. E. Co’s Steam Meter. 


across the diameter of the pipe in which the flow is to be measured. 
The two tubes leading from this plug are connected to the two imions 
shown near the top of Fig. 337, which illustrates the recorder used. 
This consists essentially of two vertical tubes partly filled with mer¬ 
cury, connected across near the bottom by another tube, so that the 
whole practically forms a U-tube manometer. The entire arrange¬ 
ment is balanced on knife-edges as shown. The nozzle plug tubes 
are connected to the manometer by flexible tubing, one to each branch 
of the tube. The excess of pressure on one side causes a part of the 
mercury to flow over to the side of least pressure, causing the beam 
to move about the knife-edge until balance is again established. The 
movement of the beam, which is multiplied by levers, is thus a direct 
function of the difference in pressure, i.e. of the velocity of the cur¬ 
rent of steam through the pipe. The rest of the instrument is a 
clock arrangement for recording the movement of the beam on paper, 
which is graduated so that the flow can be read directly in pounds per 
hour. Compensating devices for pressure and temperature arc fur- 
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nished. Pressure variation is corrected for automatically. A tube 
of the Bourdon type, influenced by the static pressure at the point 
where the velocity is being measured, causes a small “correction” 
weight to shift so as to correct the pencil travel. Temperature is 
compensated for by hand adjustment of the same weight, according 
to a special calibration curve sent out for each meter. This meter 
is also made in two other forms, as a recording meter without the 
compensating device, for installations where neither pressure nor 



Fig- 337- —Recording Apparatus, G. E. Co's Steam Meter. 


temperature vary to any great extent, or as a simple indicating meter 
where no continuous record of flow is necessary. 

(&) Veniuri Steam Meter. The only meter of this type so far 
larought out is that made by J. C. Eckardt, Stuttgart-Cannstatt, and 
is shown in Fig. 338. The Venturi tube is combined with a steam 
separator, which, by the way, is always good practice in connection 
with any steam meter. The tube i?, leads to the high-pressure space. 
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while the pressure existing at the throat is measured by means of the 
small tube I and the larger tube R. Both pressures are autographi- 
cally recorded, the strip of paper showing the pressure difference 
continuously. The average pressure difference may from this be 
found by the planimeter. The steam flow is then read off directly 
from tables furnished with the instrument. The weak point of the 



meter seems to be the recording apparatus. In the first place the 
two recording manometers must maintain a fixed adjustment with 
relation to each other. In the second place, while the distance be¬ 
tween the two pressure curves may be 1.5 or 2 inches for maximum 
flow, as it is in the instrument illustrated, this distance rapidly de- 
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creases, so that it is only a few hundredths when the flow is lo per 
cent of the normal. Under these conditions the error of planimetra- 
tion may be quite serious. 

(c) Orifice Meters. The principle upon which these meters oper¬ 
ate is well shown by Figs. 339 and 340, illustrating the meter made by 
Hallwachs & Co.* The method of measuring the pressures existing 



ahead of and behind the orifice is shown in Fig. 340. The indicat¬ 
ing apparatus, Fig. 339, consists of a simple form of differential mul¬ 
tiplying mercury manometer. The spiral coils in each pressure pipe 
are put in for the purpose of maintaining the same height of water 
column on the mercury on each side irrespective of pressure variation. 
For a constant steam pressure, that is for constant d, the steam flow- 

♦ Malstatt St.-'Jobann An der gAar. 
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ing may be computed from the head H. To obtain the results 
directly for different steam pressures, various flow scales are some¬ 
times placed on a cylinder which is pivoted next to the manometer, 
and the flow may be read off directly by bringing the proper scale 



into position. This instrument has been made recording by electri¬ 
cal means by fusing into the manometer tube metallic contacts at 
proper intervals. As the mercury reaches each contact in turn, an 



Fig. 341.—Conventional Sketch Showing Principle of Gehre Recording 
Apparatos for Ste.am Meter. 

electric circuit is closed and a line proportional in length to the^uare 
root of H is recorded. From this diagram the average n /H may 
then be directly found. The density factor is apparently not 
accounted for. This type of meter is otherwise quite reliable and 
many of them are in use on the continent. 
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Several other designs of orifice meters, differing in their recording 
apparatus, are on the market. One of the most recent and one of 
the most accurate is that brought out by M. Gehre,* who has turned 
out several designs within the past few years. The recording appara¬ 
tus of the last Gehre meter is quite complicated, but the principle 
underlying it may be explained from Fig. 341. The higher pressure 
pi acts on the surface of the mercury in the stationary vessel A. This 
vessel is so .shaped that the weight of mercury forced over into the 
vessel B, which is fastened to one arm of a balance, is proportional 
to the square root of the differences in level. 'I'he pointer P then 
moves distances proportional to Vpi — p^. By ingenious modifica¬ 
tion of this idea, which is old, and additional adjustments to auto¬ 
matically allow also for density variations, Gehre has produced an 
apparently satisfactory commercial instrument. The flow may be 
read directly from an integrating attachment, which is of advantage, 
or it may be autographically recorded, or both methods may be used 

in the same instrument. 



Fig. 342. —Diagbammatic Sketch of Float 
Steam Meter. 


The accuracy is guaran¬ 
teed to within ± 5 per cent. 

((/) Float Meiers are of 
two classes: those in which 
the float moves against a 
constant resistance but in 
which the free passage for 
steam increases with the 
magnitude of the move¬ 
ment and those in which 
the movement takes place 
against an increasing re¬ 
sistance but the free pas¬ 
sage remains constant. 
Nearly all true float meters 
are of the first type. 


The diagrammatic sketch. Fig. 342, shows the principle. The 


seat of the float A is extended in the direction of the current. If a 


* Gehre Dampfraesscr Gcscllschaft, Berlin, See the above-mentioned articles by 
Bendemann, 
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simple conical form is used the effective cross section of free passage 
is only approximately proportional to the movement of the float, but 
the degree of approximation is sufficiently close for most purposes. 
The force required to lift the float, and consequently also the pressure 
difference (drop of pressure), remains constant. This pressure dif¬ 
ference is kept so small that the effect on the density of the steam may 
be neglected and the formula for flow of liquids, 



Fio. 343. — Cross Skction of St. Fig. 344. — General View, St. 
John Steam Meter. John Steam Meter. 


direct proportion to the lift of the float, the quantity W is practically 
a linear function of the lift. 

This principle is in this country applied commercially in the St. 
John and in the Sargent steam meters. Fig. 343 shows a cross 
section of the former. The construction differs from that of Fig. 
342 in that the float itself is made conical. This destroys the simple 
relation of proportionality between lift and quantity of flow, because 
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the effective area of the float changes. Correction for this is appar¬ 
ently made in the construction of the registering apparatus which 
is connected as shown in Fig. 344. The record may be directly 
planimetered. Variation of density with pressure is not taken into 
account automatically by this meter. 

The Sargent indicating steam meter is of later origin. It was first 



Flos 34S and 346. — Sargent Steam Meter. 


described by its inventor in the Transactions of the American So¬ 
ciety of Mechanical Engineers, 1905, but since that time has appar¬ 
ently undergone considerable changes in construction. Figs. 345 and 
346 are rejiroduced from Bendemann’s discussion. The valve ^4 is a 
conical float fitting over a conical seat and closing the passage com¬ 
pletely with its lower edge when at rest. During operation the steam 
lifts the float proportional to the quantity passing. The valve spindle 
B is prolonged downward into the space C, which is open to the 
atmosphere. At the lower end the spindle carries a Bourdon tube, 
see G in Fig. 346^ to which the pressure is transmitted through a hole 
in the spindle. The Bourdon tube carries a pointer D which moves 
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over a chart E, Fig. 346. The pointer has therefore a double motion, 
up or down, depending upon the lift of the valve, and in a horizontal 
plane, depending upon the steam pressure. The correction for den¬ 
sity is therefore automatic. 

As far as a comparison between orifice and float meters is concerned 
it might be said that they are probably not far apart on the score of 
accuracy. Where the steam main is inaccessible, as may sometimes 
be the case, the orifice meter is probably better, because its register¬ 
ing mechanism may be placed at some distance from the orifice and 
may be better taken care of. 

IV. CALORIMETRIC MEASUREMENT OF VAPORS, 

246. Methods Used. — The two calorimetric methods described 
in connection with the methods of measuring gases can be used for 
the measurement of vapors. The heat added either vaporizes en¬ 
trained moisture or superheats the vajxir. If the apparatus be so 
constructed that tlie vapor is slightly superheated before entrance, 
the determinations are generally fairly accurate. 

One method of calorimetric determination which is applicable to 
vapors but not to gases is of interest. If vapor at a known tempera¬ 
ture and pressure and with a known quality be condensed in a known 
weight of liquid, the weight of vapor condensed can lie found from 
the temperature rise of the liciuid. This method is used in connec¬ 
tion with condensing calorimeters where the equations applying to 
the case may be looked up, see Chap. XTV^ 

247, The Flow of Steam in Pipes. — This problem is mentioned 
here merely with a view to indicating approximately what the flow 
of steam through any given pipe may be expected to be under given 
conditions. 

An approximate formula may be derived by assuming that the 
velocity of the steam is not to exceed 6000 feet per minute. If we let 
W - the steam flowing in pounds per minute, (5 the density of the 
steam in pounds per cubic foot, and d ^ diameter of the pipe in 
inches, we will have with the above assumption of velocity 

W = 33 lbs. per min. (67) 

This formula is considered good for pipe sizes between 4 and 8 inches 
and for lengths under 100 feet. For smaller sizes than 4 inches the 
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discharge will be less, and for the small sizes of pipe, especially if 
they are of considerable length, the formula is probably useless. 

G. F. Gebhardt, in his “Steam Power Plant Engineering,” has 
examined a number of formulae established by various authorities 
for the flow of steam in pipes. He shows that in general they are all 
based upon the loss of head H expressed by * 


H^f 






which is the same expression also used in the flow of water, see Art.218. 
For general practice, Gebhardt recommends the following formula: 


W 


in which 



lbs. per min. 


( 68 ) 


W = weight of steam in pounds per minute. 
d = mean density in pounds per cubic foot. 

P - drop in pressure. Assumed at the figure 
desirable in ainy given case. 
d — diameter of pipe in inches. 

L = length of pipe in feet. 

This strictly applies to well-lagged pipe only. As in the case of 
the flow of water the length L is not only the actual length, but 
the added friction of fittings should be taken care of by adding a cer¬ 
tain equivalent length for each fitting. But few experiments have 
been made on the friction of fittings, and those give anything but 
concordant results. Until more satisfactory figures are available, 
those given by Briggs (Warming Buildings by Steam) and quoted 
by Gebhardt will have to serve. 

For a standard 90-degree elbow or for a tee, the allowance should 
be about 

L' = —feet. 


The resistance offered by a gate valve when wide open may be neg¬ 
lected, while the allowance for a globe valve will be alwut f times 
that for an elbow. 


* Pmvert June, 1907. 
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COMBUSTION AND FUELS. 

248. Combustion. — Combustion or burning is any kind of chem¬ 
ical combination evolving heat. The only kind of combustion used 
to produce heat for engineering purposes is the combination of 
various kinds of fuels with oxygen. In the ordinary sense the word 
combustible implies a capacity for combining rapidly with oxygen 
to produce heat. 

249. Weight and Volume Relations. — The study of chemistry 
shows that when chemical reactions occur between elements or 
compounds there are involved definite weight relations characteristic 
of the particular elements acting and definite volume changes 
corresponding to the number of gaseous molecules reacting and 
produced. 7 'he reaction is a rearrangement of the atoms of the 
chemical elements into a new set of molecules. The volume of 
solids is in general negligible in comparison with that of gases of 
the same weight. For example, take the reaction 

C2 "t" 2 O2 = 2 CO2 

I lb. C2 + 2.664 lbs. O2 = 3.664 lbs. CO2 
0.0071 cu. ft. C2 + 29.85 cu.ft. O2 = 29.85 cu. ft. CO2. 

(solid) (gaseous) (gaseous) 

The gas volumes above are under standard conditions, i.e. 32° F. 
and 14.7 pounds pressure per square inch. 

Air is a mixture (not a chemical compound) of the gases nitrogen 
(N2) and oxygen (O2), and slight amounts of moisture (H2O), 
carbon dioxide (CO2), argon, and other inert gases. Considering 
the inert gases as nitrogen, the analysis of dry air is: 

By Volume By Weight 


N2. 79-00 76.74 

CO2. 0.04 0.06 

Os. 20.96 23.20 


46s 
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For engineering purposes the Na and CO2 may be added together 
and considered as N2. It is sometimes convenient to treat air as a 
gas with a molecular weight of 28.94 (based on 62 == 32.00). 

The following table gives weights and volumes of the principal 
substances concerned in the combustion of ordinary fuels: 


Substance. 

Cfaemica) Symbol and Weight of 

Weight in Pounds 
fjcr Cu. Ft. at 32*^ F. 
and 14,7 Lbs, jier 

S<i In. (One At¬ 
mosphere) Pressure 
(Standard Condi¬ 
tions).* 

Atom. 

Molecule. 

Carbon.... 

C*I2.0I 

S = 32.07 
0=«i6 00 

N =« 14 04 1 
H- 1 008 


14s (Solid) 

125 “ 

0 o8q22 (Gas) 

0 07830 

0.00562 “ 

0,0447 “ 

0 08071 “ 

0.12268 “ 

0 07807 “ 

(See steam ta¬ 
bles) Vapor 
0.1786 (Gas) 

Sulphur. 

Oxygen. i 

Nitrogen. 

Hydrogen. 

Marsh gas, or methane. 

Air. 

O2 «= 3 2.00 

Nj — 28.08 t 
H2=2 015 
CH4=«i6 03 
(28.04) 

CCj-44 01 

CO =28.01 
18.02 

S02 = 64 07 

Carbon dioxide. 


Carbon monoxide . 

Water. 


Sulphur dioxide. 



* With sufficient accuracy the weight in |x>unds fter cubic foot of a non associated dry gas, at stand¬ 
ard conditions, is 0.002780 times the molecular weight of the gas, 

t The “nitrogen” of the above table is “atmospheric” nitnigen, differing from chemically pure 
nitrogen in being mixed with a slight amount of the inert gas argon Chemical nitrogen has an atomic 
weight slightly under 14.01. 


250. Heat of Combustion or Calorific Power. — The value of a 
fuel for heat production is the number of British thermal units of 
heat which may be generated by the complete combustion of one 
jjound of the fuel, or in the metric system the number of large 
calories generated by one kilogram. This number of heat units, 
which is a constant for any given fuel irrespective of the manner in 
which the combustion is carried on, as long as it is complete, is 
known as the heating value, or calorific power, of that particular fuel. 
The relation of B.t.u. per pound to Kg-calories per kilogram is 9 : 5 
or 1.8 :1. 

251. Combustion of Elementary Fuels. — The following table 
gives the heating values of the principal elements occurring in fuels, 
and data on the combustion of these elements; 
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Fuel of which Unit Weight is Burned. 


Hydrogen, Ha. 

Carbon, burned to CO... 
Carbon, burned to CO2... 

CO burned to CO2. 

Sulphur, S, burned to SO 3 
Sulphur, S, burned to SO3 
Iron, Fe, burned to FeO.. 


Heating Value. 



Calories, 

Kilogram 

61,950* 

34,400 

4.380 

2.430 


8,080 

4,380 

2,430 

4,020 

2,230 

5,940 

3,300 

2>430 

1,350 


Oxygen, 

Required 

Weight. 


7 94 

1 3.P 

2 604 

o 571 
o 999 
1*447 
0.286 


• Higher Heating Value. 


Product of Com¬ 
bustion and Weight 
of Same. 


H2O, 8 94 
CO, 2.332 
COi. 3.664 
COs, 1.571 
SOa, 1.999 
SOa, 2.447 
FeO, I 286 


252. Combustion of Hydrogen or of Fuels Containing Hydro¬ 
gen. Higher and Lower Heating Value of Fuels. — When a fuel 
contains hydrogen a complication occurs, due to the fact that the 
water formed by the union of hydrogen and oxygen may or may not 
be condensed. If such water vapor is completely condensed, the 
heating value of the fuel is the so-called higher healing value; if the 
water vapor is not condensed, but passes off as steam, we obtain the 
lower heating value. The difference between the two heating values 
is the total heat of the steam as it escapes, less the sensible heat of 
the same weight of water at the temperature of the fuel and oxygen 
before combustion (room temperature). The total heat above 32° 
in one pound of steam, in the form of “ humidity ” in air or gases of 
combustion, is (1058.7 -f 0.455 ^1) B-t.u.,* h being the temperature 
of the air or gases of combustion. If room temperature be taken as 
/2°F., the sensible heat of one pound of the steam condensed is 
{k - 32) B.t.u. One jiound of steam escaping uncondensed in the 
products of combustion, at temperature 1 ° F., will then take away 
(1058.7 -f 0.455 h - 32.0) or (1090.7 + 0.455 b ~ <2) B.t.u. 

One pound of hydrogen burns to 8.94 pounds of water; hence per 
pound of hydrogen the loss is 8.94 (1090.7 -f 0.455 h ~ B.t.u. 
Assuming h, room temperature, at 60° F. (standard practice), the 
difference between the higher and the lower heating values of hydro- 

♦ This equation is the result of plotting the total heat in superheated steam of low 
pressure (less than 3 lbs. absolute, as even that is beyond the partial absolute pres¬ 
sure of water vapor occurring in flue gases or exhaust gases) against temperature. 
The expression is therefore in a sense empirical, but holds good for flue or exhaust 
gas a>mputations. 
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gen shows the following values for various temperatures of escaping 
steam: 


A® F., Temp of 

Difference of Heat- 

/i® F., Temp, of 

Difference of Heat- 

Escaping Steam. 

ing Values, B.t.u. 

Escaping Steam. 

ing Values, B.tu. 


9450 

700® 

12,060 

I 13.280 

300® 

10,430 

1000® 

500® 

11,340 

1500® 

* 5 , 3*0 


The experimental higher heating value of hydrogen is 61,950 
B.t.u.; if the products of combustion are brought back to 60° F., 
but uncondensed, the lower heating value is 61,950 — 9450 = 52,500 
B.t.u. The difference is 15 per cent of the higher, 18 per cent of 
the lower heating value. 

So large a difference is not negligible; we must decide whether we 
are to charge a furnace with the higher or the lower heating value of 
a fuel containing hydrogen. The German custom is to use the lower 
heating value; the American tendency is to use the higher. No 
actual furnace or engine does cool the products of combustion so as 
to condense the steam in them. Calorimeters, which are used to 
find experimentally the heating value of fuels, generally condense 
only a part of the steam, and consequently give neither the higher 
nor the lower heating value directly. Theoretically perfect absorp¬ 
tion of heat after combustion would condense all moisture formed 
from hydrogen. It seems right to charge against a furnace or an 
engine what a theoretically perfect apparatus would do. 

The volume of the products of combustion may be different from the volume 
of the combustibles, or the gases entering the combustion may not be saturated 
with “ humidity,” so that a larger amount of moisture might remain at room 
temperature as “ humidity ” in the burned than in the unburned gases. The 
correction for humidity is very small if the air supplied to a furnace is satu¬ 
rated or nearly so; but in the case of ordinary coal burning, with the air supplied 
about 50 per cent saturated, over one-fourth of the moisture formed from 
hydrogen combustion would remain uncondensed if the products of combus¬ 
tion were cooled back to room temperature. 

253. Temperatures Obtained in Combustion. — The calculation 
of the temperatures obtainable in combustion is made from the 
amount of available heat and the amount and specific heat of the 
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products of combustion. Specific heats are not constant, but in¬ 
crease with temperature. The values in the last column of the table 
below, intended for use in ordinary combustion calculations, are 
nearly correct for a temperature of 600® F., a common temperature 
for flue gases.* 


MEAN SPECIFIC HEATS AT CONSTANTT PRESSURE, FOR COMBUSTION 
AT ATMOSPHERIC PRESSURE. 3 


-i 

Substance. 

Sperific 

At Room Tem¬ 
perature 60® F. 

:Hcat 

At Ordinary Flue 
Gas Temperature 
600® F. 

Air . . . . , ... 

0.237 

0 243 

Oxygen . . 

0 217 

0 220 

Nitrogen. . . ... 

0 243 

0 249 

Hydrogen... 

3-380 

3 54 

Carbon monoxide.. . . . 

! 0,243 

0.249 

Carbon dioxide . . ... 

0 201 j 

0 222 

Steam, in form of humidity. 

1 0 455 

0 462 

Sulphur dio.xide. . . . 

, 0 T 54 

0.17 

Ash 

0 2:t 

0.2dr 

(\)ppcr ... 

! 0 og3 


Iron. . 

j 0112 


brass . 

0 093 


Glass. ... . . 

1 C) TQ 


Zinc ... ... 

00935 


Wood . 

0 6 

i 



The last six items are added to this table, as this data is some¬ 
times required for calorimetric work. 

To take an actual case, suppose we desire to compute the maxi¬ 
mum })ossiblc temj>erature attainable by the combustion of carbon. 
Burning carbon in pure oxygen, the heat evolved from one pound of 
carbon is 14,too B.t.u., and there arc formed 3.664 pounds of CO2. 
Taking the specific heat of CO2 as 0.222 (it would really be higher 
at high temperatures), the temperature should be 14,600 -^ (0.222 
X 3.664) = 18,000° F. Actually, however, the combustion cannot 
be made to go on rapidly enough to reach this theoretical tempera¬ 
ture; heat will be lost too rapidly by radiation, and it is impossible 

* These values were obtained from comparison of numerous sources, greater 
credence being given to recent determinations at the Reichansialt. For an extended 
discussion of the variations of specific heat see Chap. XXL 
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to avoid heating surrovmding materials as well as the products of 
combustion. 

If hydrogen be taken as the fuel, the available heat for raising the 
temperature of the products of combustion above 6 o° F. is the lower 
heating value for 6o° F., 52,500 B.t.u. per pound. For combustion 
in oxygen the theoretical temperature is then 52,500 -r (0.462 X8.94) 
» 12,500° F. Despite this lower theoretical temperature, we actu¬ 
ally obtain higher temperatures of combustion from hydrogen than 
from carbon, for in practice the problem becomes one of maximum 
energy development in a given space. 

The principal reason for the low temperatures obtained in actual 
combustion is the dilution of the products of combustion with inert 
material. Every pound of Oj in air carries with it 76.8/23.2 = 3.31 
pounds of N2. Taking this into account for the combustion of car¬ 
bon, using only the air necessary to supply the oxygen needed, we 
get 14,540 -5- (0.222 X 3.664 -f 0.249 X 2.664 X 3.31) = 4900° F. 
If we used 1.5 times as much air as was needed to supply O2 for the 
combustion of carbon, the theoretical rise of lemiierature during 
combustion would become 3360 degrees; with 2.0 times the needed 
air, 2550 degrees. By comparing these values with the 18,000 de¬ 
grees for combustion in pure oxygen we see how large is the effect of 
dilution. Roughly, the theoretical temperature of combustion of 
carbon with air is 5000” F., divided by the “ dilution coefficient,” 
or ratio of air actually u.sed to that necessary to supply oxygen to the 
carbon. 

For some years past it was thought that the reason wo cannot, in practice, 
realize the high theoretical combustion tcm{x’raturcs indicated above, was a 
dissociation of the CO2 or H2O; that is, the chemical compounds of C or H 
with 0 were supposed to break down spontaneously into their elements when 
the temperature became high. It is now known that dissociation of either 
COj or HjO occurs only to a very slight extent (less than i per cent) even at 
3000° F. (1600° C.). Dissociation therefore plays little part in any com¬ 
mercial case of combustion. 

254. Calorimetry. — A calorimeter, broadly speaking, is any de¬ 
vice for measuring heat or heating value. A fuel calorimeter is a 
device in which a fuel sample may be completely burned, while the 
heat it produces is absorbed and measured. The combustion of the 
fuel must be complete. All the heat produced must be absorbed and 
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measured. Heat from other sources should, as far as possible, be 
excluded, and allowance made for that which cannot be excluded. 
These requirements apply to all types of calorimeters. 

In operation, calorimeters fall into two classes, the disconiinuous 
and the continuous types. Solid fuels are nearly aways tested in 
calorimeters of the discontinuous type, burning a weighed sample 
in a calorimeter using a fixed amount of heat-absorbing body. 
Liquid fuels are occasionally tested in the same way. Liquid fuels 
are usually, and gaseous fuels practically always, tested in continu¬ 
ous or constant flow calorimeters, both fuel sample and heat-absorb¬ 
ing body being under flow at measured rates. It may be said that 
both theoretically and practically the continuous-flow calorimeter 
is superior to the discontinuous, because of greater ease of handling 
and freedom from extraneous heat losses of the “ radiation tjqje.” 

The discontinuous calorimeters will be discussed first. The parts 
of such a calorimeter are in general as follows: 

(1) Crucible for holding sample of fuel. 

(2) Igniter for firing the sample. 

(3) Combustion chamber. 

(4) Apparatus for supplying oxygen for combustion, for only in 
oxygen can complete combustion be assured in these calorimeters. 

(5) Heat-absorbing body surrounding the combustion chamber. 

(6) Thermometer or other device for measuring temperature 
changes in the heat-absorbing body, and thus measuring the heat 
absorbed. 

(7) Jacket for excluding extraneous heat. 

The general problems of discontinuous calorimetry will be dis¬ 
cussed under the description of the bomb calorimeter, which is the 
most accurate, reliable, and also the most expensive of the calo¬ 
rimeters for solid fuels. 

255. The Bomb Calorimeter. — There are a number of forms of 
this calorimeter now on the market, nearly all of them modifications 
of the original Berthelot type. The essential parts in every case 
are: (a) a strong steel vessel, usually lined with some non-corroding 
substance like platinum, gold, porcelain, or nickel, serving as a com¬ 
bustion chamber; (b) a small crucible, usually of platinum, inside 
of the vessel, to hold the sample; (c) valves or connections for 




Fig 347. — Mahler Fuel CALoiaMETER. 
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charging the bomb with oxygen; (d) means for igniting the fuel; 
(e) a calorimeter vessel filled with water into which the bomb is 
placed; (/) a second vessel to serve as a jacket for the calorimeter 
vessel to reduce heat losses; (g) thermometers to measure tempera¬ 
ture; and (h) stirring apparatus to maintain uniform temperature 
in the water. These parts will be recognized in the following cuts, 
in which Fig. 347 represents the Mahler, Fig. 348 the Hempel, 
Fig. 349 the Atwater, and Fig. 350 the Emerson calorimeter. 



Fig 348 —Hfmpel’s Fuel Calorimeter with I nlargfd Charging Plug 

The “ bomb ” is a heavy-walled combustion chamber in which 
the oxygen for the lombustion is held under a pressure of 125 to 300 
pounds to the square inch. By using the high pressure, a considerable 
amount of gaseous oxygen can be put into a small space, surrounding 
the fuel to be burned; more oxygen, of course, being put in than is 
needed for complete combustion of the fuel. 

The oxygen may be obtained either by chemical reaction between 
certain substances (as, for in.stance, manganese dioxide and chlorate 
of potash, equal parts) or by electrolysis, or by purchasing it in steel 
vessels compressed to about 20 atmospheres. In the latter shape 
it may be obtained from any wholesale chemical house, which is 
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perhaps the simplest and best way of obtaining this necessary gas. 
The method first mentioned may be carried out as shown in Fig 351, 
in which the crucible C contains the mixture of chemicals The 
latter is heated and the oxygen gas generated flows through deb into 
the calorimeter. A gauge B indicates the pressure attained. The 



Tin 349 —Atwater Bomb Calorimeter 


vessel E is filled with water to cool the gas. Any chlorine gas 
coming over may be removed by first passing the gas through a close 
roll of brass-wire gauze. 

Ignition of the fuel is generally electrical, and is accomplished 
either by fusing and burning a piece of fine iron wire in contact with 
the fuel, or by heating to redness a platinum wire dipping into the 
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fuel. Heat from the igniting device is added to that given out in 
the combustion of the fuel, and correction must be made for this 
extra heat from the igniter. This igniter heat may easily amount 
to 0.3 to o 5 of one per cent of the heat developed in the calorimeter. 

The bomb is immersed in a small body of liquid, usually water. 



Tig 350 —Emerson Bomb CALORiMPrER 

The heat from the combustion raises the temperature of the bomb 
and of this liquid and its containing vessel. This rise of tempera¬ 
ture of the bomb, water, and containing vessel, when corrected for 
radiation and similar heat exchanges, measures the heat evolved in 
the bomb In practice the absorption of heat by the bomb and the 
containing vessel is equivalent to having a certain extra amount of 
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water present to absorb beat; hence the term water equivalent for 
the summation of the products mass times specific heat for each of 
the metalEc parts of the calorimeter which run through the same 
temperature changes as the water. In the most accurate work it 
should not be forgotten that the specific heats of both the water and 
the metallic parts change with temperature. The magnitude of this 
change is not likely to exceed 0.3 of one per cent. It is uniformly 
neglected in commercial work. 

The temperature of the water, bomb, and containing vessel is 
measured by a mercury thermometer or some equivalent device, 



Fio 3 SI —Appasatos for Prfparino Oxygfn. 


such as a spiral wire of which the electrical resistance is measured. 
To make sure that the temperature reading (usually a measurement 
taken at one spot only) represents the temperature of the entire 
instrument, stirring of the water is necessary. 

If the instrument could be thermally isolated from its surround¬ 
ings, it would be necessary only to measure the temperature before 
ignition and the temperature after complete combustion, calculating 
the heat evolved from the temperature range and mass and specific 
heats of the calorimeter parts absorbing heat. Such thermal isola¬ 
tion is impossible; the calorimeter is continually exchanging heat 
with its surroundings by (i) direct radiation, (2) convection cur¬ 
rents of air, (3) evaporation of water from the calorimeter to the 
atmosphere, which is practically never saturated with moisture. 
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To reduce these heat exchanges — usually classed as ''radiation/^ al¬ 
though real radiation loss is the smallest of the exchanges mentioned 
— to their lowest terms, it is customary to surround the containing 
vessel of the calorimeter with a jacket’^ and to cover the calo¬ 
rimeter so as to prevent access of air and consequent convection cur¬ 
rents. The containing vessel of the calorimeter is made of polished 
metal to diminish radiation. The jacket is a double-walled vessel, 
polished at least on the inside, with the space between its walls 
filled with water or other liquid, so as to keep the jacket fairly con¬ 
stant in temi>erature. 

It is usually assumed that for a jacketed calorimeter the “ radiation rate,^' 
or rate of loss or gain of heat by the calorimeter in exchange with its sur¬ 
roundings, is proportional to the difference of temperature between calorimeter 
and jacket. Analysis shows that this assumption is not justified. True 
radiation between calorimeter and jacket is closely enough a straight-line 
function of the temperature difference between them. Convection transfer 
of heat between calorimeter and jacket is also probably given nearly enough 
as a straight-line function of the same temperature difference. These heat 
exchanges reverse in direction and amount when the temperature difference 
between calorimeter and jacket changes sign. But there is also a slight amount 
of convection loss of heat from calorimeter to the outer atmosphere, or room, 
when the calorimeter is hotter tlian the room — a heat exchange outside of 
the control of the jacket. This exchange is not reversed when the calorimeter 
is colder than the room, for the space between jacket and calorimeter then 
fills with dead air, colder than the room, and the exchange ceases. Frequently 
the most important of all these extraneous heat effects, on the calorimeter, is 
the heat loss by evaporation of water into the unsaturated atmosphere of the 
room. This heat loss depends on the temperature of the calorimeter, increas¬ 
ing in rate as the temperature of the calorimeter rises, and on the relative 
“ humidity ’’ of the air in the room. This effect i.s always a loss and is inde¬ 
pendent of the jacket. 

Summing up all of these heat exchanges between the calorimeter 
and its surroundings, it will be seen that the “ radiation rate ” is 
dependent on so many different things that it must, for accuracy, 
be determined for the beginning and end of each run of the calorim¬ 
eter. The best simple assumption as to variation of the “radia¬ 
tion rate ” between the two end conditions of the run is that the 
radiation rate varies directly with the temperature of the calorimeter. 
This is better than to assume straight-line variation with tempera- 
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ture difference between calorimeter and jacket, because this tem¬ 
perature difference controls only part of the various heat exchanges, 
while the calorimeter temperature enters as a controlling factor into 
all. The common assumption that “radiation” is zero or negli¬ 
gible, when the initial calorimeter temperature is just as much below 
the jacket temperature (or room temperature) as the final calorim¬ 
eter temperature is above the same, is quite unjustified. 

256. Method of Operating a Bomb Calorimeter. -- The conduct 
of a determination may now be considered. The calorimeter and 
accessory apparatus are assumed to be clean and in working order. 
The first thing to be done is to find the “ water equivalent ” of the 
calorimeter, unless this is already known. I'his may be done in one 
of three ways: 

(a) Calculalion. — Weigh separately each of those parts of the 
instrument that go through the same temperature range as the 
water. Multiply each weight by the specific heat of the material 
of which the part is made. The summation of these products is 
the water equivalent. Allowance must be made for the poor con¬ 
ductivity of wood or glass, which generally acts .so that only a sur¬ 
face layer of such material is thermally active during the running of 
the calorimeter; in a less degree .such an allowance should be made 
for neutral parts projecting markedly above the surface of the water. 

{b) Method of Mixtures. — Partly fill the calorimeter vessel with 
a known mass of water. Allow all parts to come to thermal equi¬ 
librium, then determine temperature and radiation rate. Add a 
known mass of water (completing the filling of the calorimeter), of a 
known temperature considerably higher or lower than that of the 
water already in the calorimeter. Stir to equilibrium, taking read¬ 
ings of temperature, and finish with a determination of the final 
radiation rate. After correction for radiation the discrepancy in 
the heat balance is the product of the water equivalent and the 
observed temperature range. Make several determinations and 
average the results. 

(c) Method of Adding a Known Amount of Heat Inside the Bomb. ~ 
This may be done by (i) burning a sample of fuel the value of which 
is already well known; (2) inserting an electrical resistance heater 
inside the bomb and measuring the input to the heater with an 
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accurate wattmeter. Runs are made as with an unknown fuel, and 
the calculations worked backward to find the water equivalent. 
Methods (b) and (c) are to be preferred to method (a) for accuracy. 
The water equivalent of a calorimeter is usually determined once 
for all. There is no reason why it should change with time, but 
it does change slightly with temperature, because of change of the 
specific heat of the parts. 

Knowing the water equivalent, the regular run proceeds as 
follows: Weigh out mto the crucible of the calorimeter a proper 
amount of sample, usually from half a gram to two grams, depend¬ 
ing on the make and size of the calorimeter. The sample, if of coal, 
should be in a finely divided condition, about fine enough to pass 
a loo-raesh sieve. It should preferably be somewhat moist, as 
moderately moist coal burns less explosively than dry coal, particu¬ 
larly if the sample is of the bituminous or lignite variety. Hence 
the calorimeter sample may best be made up from the coal “ as 
received.” (See later directions for coal analysis.) Put the crucible 
with the weighed sample into the bomb and arrange the igniter for 
operation. Put a few drops of water into the bomb. This insures 
an initially .saturated atmo.sphere in the bomb, and hence the find¬ 
ing of “ higher heating value ” from any hydrogen. Screw the top 
onto the bomb and charge the bomb with oxygen gas to the correct 
pressure. Close the charging cock, and put the charged bomb into 
position in the calorimeter vessel. Fill the calorimeter vessel with 
a weighed amount of water. Weighing is more accurate than 
measuring. Arrange stirrers, thermometers, etc., ready for opera¬ 
tion. The calorimeter liquid should not be over a degree or two 
colder or hotter than the jacket, and neither ought to be more than 
five degrees different from room temperature, although this is less 
important. Let the calorimeter stand a few minutes, watching the 
temperature and occasionally stirring, until the parts are in a settled 
condition. Then determine the initial radiation rate by tempera¬ 
ture observations at one-minute intervals extending over five or 
more minutes, stirring between readings. When the readings have 
shown a satisfactory constant rate of change of temperature (so- 
called “ radiation rate ”), start the igniter on some even minute. 
Thereafter take readings every half minute until combustion is over 
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and the calorimeter settles to a second radiation period. Stir 
thoroughly between readings. Finish with a determination of final 
radiation rate similar to the initial. Remove the bomb from the 
calorimeter. Open the charging cock carefully to let out the gases. 
Then unfasten the cover and inspect the crucible and the interior of 
the bomb to make sure of complete combustion. Clean up for the 
next rim. 

The observations taken during a commercial test, and the method 
of working them up, are as follows: 


SAMPLE CALCULATIONS FOR BOMB CALORIMETER. 


Weight of coal sample, gramvS. . ., 
Wei^t of iron igniter wire burned, grams 
Weight of calorimeter water, grams 
Water equivalent of calorimeter, grams.. 

Water -f water equivalent, grams. 

Pressure of oxygen cliarge in bomb .... 


. I 2794 

. 0.0022 

1408 
. • 345 

^753 

250 lbs. per .square inch. 


Oliscrvations o{ Run 


Calculated N’aluts {»ce below) 


Time. 

Observed 
Temp, ia 
Calo¬ 
rimeter. 


Mean 
I'emp, 
of In¬ 
terval 

Radiation 
Rate for 
the Inter¬ 
val 

Radiation 
for the In- 
' Icrval 

Total Ra¬ 
diation Cor- 
ruction 

Cor¬ 

rected 

Tem- 

j-ATii- 

ture 

12 

12 

. C°~ 

33 20 

> 




+ 0. 1222 

23 322 


14 

23.22 

I nitial 

23 21 

1 -0 0137, -0.0274 

+ 0 0948 2,5 315 


16 

23 25 

radia¬ 

23.23 

-0.0136 

— 0 0272 

4o 0676 23 318 


18 

23. 

tion 

23 26 

— 0 0136 

1 

0 

0 

—i 

4o 0404*23 320 


20 

23.30 

rate. 

23.29 

-0 013s 

— 0 0270 

+0 0134 

-"3 3 C 3 


'21 

23-32 

Ignition. 

23.35 

-0 0134 

-0 0134 

0 ooool 23 320 


22 

27 20 


25.26 

—0.0079 

—0.0079 

— 0 0079*27 IQ 2 


23 

28 45 


27.92 

- 0 0004 

—0 0004 

—0 0083 

28 442 


24 

28 68 


28 57 

+0.0015 

+0 0015 

—0 0068 

28 673 


25 

28 74 


28 71 

4o 0019 

+0 OOT9 

— 0 0049 

2** 7.35 

c 

P 

26 

28 77 


28 76 

+ 0 . 002 J 

+0 0021 

— 0.0028 

28 767 


27 

28 78+ 


28 78 

+ 0,0021 

+ 0.0021 

—0 0007 

28 784 


28 

28.79 


28 70 

4-0 0021 

+ 0 0021 

+ 0.0014 

28.791 


29 

28 79 


28 79 

+ 0.0021 

+0 0021 

+0 0035 

28.794 


30 

28.79 


28 79 

+ 0 0021 

+0 002 J 

+ 0.0056 

28.796 


32 

28 79 


28 79 

+ 0 . 002 T 

+0 0042 

+ 0 0098 

28 800 


^34 

28.76 


28 79 

+0.0021 

+0 0042 

+0 0140 

28,804 


36 

28 78-}- 

Final 

28,79 

+ 0.0021 

+0 0042 

+ 0 0182 

28.803 


38 

28.78 

radia¬ 

28 78 

+ 0.0021 

+0 004? 

+ 0 0224 

28 802 


40 

28 77 + 

tion 

28 78 

+0 0021 

+0 0042 

+ 0 0266 

28 802 


42 

28 77 

rate. 

28,77 

+0 0021 

+ 0 0042 

+ 0 0308 

28 801 


44 

28.77 


28 77 

+0 0021 

+0.0042 

+0 0350 

28.805 


23-318 


28 803 


The first calcination is for the “ radiation correction.’^ The readings of 
the initial and final radiation-rate determinations should be plotted to an open 
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temperature scale, as m Figs. 3S*a and aS^b, and the f 

lines accurately determined, with the mean temperatures at which each rate . 
found. Then plot Fig. 352c, radiation rate against temperature m calorimeter, 

drawing a straight line through the two points determined. 

I Long Method for Radiation Correction. - AveTa.gt the readinp of the 
test in pairs successively, to give the column ‘‘mean temperature of inte^aL 
For each mean temfierature of interval pick off from the curve, g. 35 > 

« radiation rate for the interval.” Multiply the radiation rate by the Ume 
length of the interval in minutes, getting the “ radiation for the 
Assume zero radiation correction at any arbitrary reading (m this case ^e 
reading at ignition). Then the “total radiation correcUon at any other 
reading of the test is the summation of the values of radiation for the 
interval” between this reading and the reading at which the radia ion is 
as.sumed zero. The continued summation of the column “ radiation for Oie 
interval ” gives the column “ total radiation correction. Total radiation 
correction added to the observed temperatures gives " corrected temperatures. 

If the radiation correction has been properly made, the corrected 
tures for the radiation runs at the beginning and end of the test should be 
constant within the error of reading. This is very nearly realized, the average 
being 23,318^ for the initial and 28.803" for the final radiatum runs. Inspec¬ 
tion of the column of corrected temperatures,in comparison with that of 

observed temperatures,'^ will show that the observed temperatures reached 
a constant value for some time before the corrected temperatures did. This 
means that there was still going on in the calorimeter a slight evolution of 
heat which was practically balanced by radiation loss. The run proper on the 
calorifneter must not be considered complete until a constant rate of change of 


calorimeter temperatures against time has been established. 

The corrected rise of temperature in the example here given is the differ¬ 
ence of the average corrected temperatures for the final and initial radiation 
periods, or 28.803 - 23.318 = 54^5*^ C. 

2, Shorter Method for Radiation Correction. —Plot Fig. 352a and Fig. 352b 
as before. Find, by the trapezoidal or Durand's rule, the time average tem¬ 
perature of the run proper, that is, from 12:21 to 12:34 inclusive in the example. 
The average temperature is 28.42® C. In Fig 352c find that the radiation 
rate corresponding to this average temperature is +0.00TT degree per minute. 
The time is 13 minutes. Hence, 13 X 0.0011 =* 4-0.0143, the radiation cor¬ 
rection for the run. The corrected temperature rise is then 28.79 + 0.0x4 — 
23.32 *= 5484‘’' This method of calculation is exactly equivalent to the long 
method above, but avoids practically all of the work. If, however, one U>ok 
the run as lasting from 12:21 to 12:28, as might be done^ judging from observed 
temperatures only, this short method would not show that the chosen length 
of run was in error, while the longer method does reveal such errors. 

3. Approximate Short Method for Radiation Correction. — This assumes that 
the initial radiation rate applies until the time when a temperature is reached 
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midway between the initial and final temperatures, and after that time the 
final radiation rate applies. In the example given here, the average of initial 
and final temperatures is (28.79 -f 23.32) -f- 2 » 26.06. This temperature is 
reached in three-quarters of a minute from the start, as found by plotting a 
rough curve of temperature against time for the run. Hence we have: 

Initial radiation rate for i min., i X ( — .0136) « —.0102. 

Final radiation rate for 12i min., 12! X ( 4 * .0021) » H- .0257. 

Total radiation correction, + .0257 — ,0102 »-f .0155. 

Corrected rise, 28.79 + ,015 — 23.32 « $.485°. 

This result agrees exactly with that of Method i, but this agreement is 
only accidental 

4. The method of calculating radiation correction for the run by applying 
the algebraic mean of the initial and final radiation rates to the entire time is 
incorrect; a little thought shows it to be irrational It seems, however, to be 
quite commonly used. 

5. Calculations of Beat Evolved. — The heat, in calories, evolved in the 

calorimeter is the product of the water + water equivalent in grams, multi¬ 
plied by the corrected temperature rise in degrees C. In the example it is 
1753 X 5.485 = 9615 calorics. The combustion of the iron wire in igniting 
gave 1350 X .0022 «= 3.0 calories. As much or more again was due to the 
electric current used to heat up the iron wire. Hence, we may say that 
9615 — 6 960Q calories came from the coal burned. Since B.t.u. per pound 

= 1,8 times calories per gram, and weight of coal was 1.2794 grams, the heating 
power of the coal was 

-—^-= 13,820 B.t.u. per pound. 

1.2794 

This calculation assumes the specific heat of water ~ i.oooo; the real specific 
heat for the mean temperature of the run is 0.9972. Remembering that the 
correction for this specific heat applies only to the 1408 grams of winter out of 
the 17S3 of (water 4- water equivalent), the corrected and final value for the 
heating power is 13,820 - 30 « 13,7^0 B.t.u. per pound. 

In commercial work the corrections for heat from the igniter wire and for 
variation of the specific heat of water from unity are not ordinarily made. 

Other Forms of Fuel Calorimeters. 

257. Favre and Silbermann Fuel Calorimeter. — This apparatus, 
as shown in Fig. 353. consisted of a combustion chanfiber A formed 
of thin copper, gilt internally, and fitted with a cover through which 
solid combustibles could be introduced into the cage C. The cover 
was traversed by a tube E, connected by means of a suitable pipe 
to a reservoir of the gas to be used in combustion, and by a second 
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tube D, the lower end of which was closed with alum and glass, 
transparent but adiathermic substances which permitted a view of 
the process of combustion without any loss of heat. 

For convenience of observation a small inclmed mirror was placed 
above the peep-tube D. The products of combustion were earned 



Fig. 3 S3 —Favre and Silbermann Fuej Caioriwetfr 


oflE by a pipe F, the lower portion of which constituted a thin copper 
coil, and the upper part was connected to the apparatus in which 
the non-condcnsible products were collected and examined. The 
whole of this portion of the calorimeter was plunged into a thin 
copper vessel, G, silvered internally and filled with water, which was 
kept thoroughly mixed by means of agitators, H. The second 
vessel stood on wooden blocks inside a third one, I, the sides and 
bottom of which were covered with swanskins with the down on, 
and the whole was immersed m a fourth vessel, J, filled with water 
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kept at the average temperature of the laboratory. Thermometers 
KK of great delicacy were used to measure the increase of tempera¬ 
ture in the water surrounding the combustion chamber. The 
quantity of heat developed by the combustion of a known weight 
of fuel was determined by the increase of temperature of the water 
contained in the vessel G. For finding the calorific value of gases 
only, the cage C was removed and a compound jet, iVO, substituted 
for the single gas pipe, ignition being producetl by an electric spark 
or by some spongy platinum fixed at the end of the jet. 

Combustion is slower than in the bomb, and radiation thus 
becomes more important, and introduces larger uncertainties into 
the results. Favre and Silbermann calorimeters will not be found 
in commercial work. 

258. Carpenter Calorimeter. — The Carpenter calorimeter, Figs. 
354 and 355, introduces a novelty in that it makes the calo¬ 
rimeter liquid do its own thermometry. For this purpose the 
calorimeter vessel is closed at the top, and is completely filled by 
the calorimeter liquid (usually water). The calorimeter vessel thus 
becomes practically the bulb of a huge thermometer. 

The general appearance of the instrument is shown in Fig. 354; a 
sectional view of the interior part is shown in Fig. 355, from which it 
is seen that in principle the instrument is a large thermometer, in 
the bulb of which combustion takes place, the heat being absorbed 
by the liquid which is within the bulb. The rise in temperature 
is denoted by the height to which a column of liquid rises in the 
attached glass tube. 

In construction, Fig. 355, the instrument consists of a chamber, 
15, which has a removable bottom, shown in section. The 
chamber is supplied with oxygen for combustion through tube 
24, 25, the products of combustion being discharged through a spiral 
tube 28, 2Q, 30. 

Surrounding the combustion chamber is a larger closed chamber, 
I, filled with water and connecting with an open glass lube 9 and 10. 
Above the water chamber i is a diaphragm 12, which can be changed 
in position by screw 14 so as to adjust the zero level in the open glass 
tube at any desired point. A glass for observing the process of 
combustion is inserted at 33, in the top of the combustion chamber, 
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and also at 34, in the top of the water chamber, and at 36 in the 
top of the outer case 

This instrument readily slips into an outside case, which is nickel- 
plated and polished on the inside, so as to reduce radiation as much 
as possible The instrument is supported on strips of felting, 5 and 



lio 3 S 4 J-io 355 

Carpenter Fuel C ai ORiMriER 


6, Fig 355 A funnel for filling is provided at 37, which can also 
be used for emptying if desired 

The plug which stops up the bottom of the combustion chamber 
carries a dish, 22, into which the fuel for combustion is placed, also 
two wires passing through tubes of vulcanized fiber, which are ad¬ 
justable in a vertical direction, and connected with a thin platinum 
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wire at the ends. These wires are connected to a source of electric 
current and used for firing the fuel. On the top part of the plug is 
placed a silver mirror, 38, to deflect any radiant heat. Through 
the center of this plug passes a tube, 25, through which the oxygen 
passes to supply combustion. The plug is made with alternate 
layers of rubber and asbestos fiber, the outside only being of metal, 
which, being in contact with the wall of the water chamber, can 
transfer little or no heat to the outside. 

The discharge gases pass through a long coil of copper pipe, and 
are discharged through a very fine orifice in a cap at 30 in Fig. 355, 
or at C in Fig. 354. 

The effect of the combustion is to expand the water and thus 
raise the outer level in the tube ro. The theory is that this expan¬ 
sion is a direct function of the amount of heat added to the water. 
In ])ractice the rise in the tube must be corrected not only for radia¬ 
tion but also for the fact that the coefficient of expansion of water 
varies rapidly with the temperature. In the directions furnished 
with the earlier instruments the latter fact was not taken into 
account and radiation was accounted for simply by letting the 
calorimeter stand, after the combustion was completed, for the 
same length of time as was taken up by the combustion, noting 
the drop in the water level in the tube. This drop was then added 
to the rise obtained during combustion, on the assumption that 
radiation kept the rise down by the amount noted. This method 
is not rational. 

It will be appreciated that the heat interchanges controlling the 
rise in the tube arc rather complex, and the best way to obtain a 
standardization of the instrument is to calibrate by means of burn¬ 
ing a certain quantity of a fuel of known heating value. The “cali¬ 
bration constant ” will be a function of the temperature of the 
calorimeter liquid (on account of the change of coefficient of ex¬ 
pansion with temperature), and a thermometer should therefore be 
provided. In the commercial form of this calorimeter as described 
this may be done by inserting a thermometer cup in place of the 
filler plug or funnel 37. 

Adjustment of the height of liquid in the expansion tube is some¬ 
times necessary. To make this adjustment, cut in between the 
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stuffing box at the top of the calorimeter and the expansion tube a 
glass tee with a ground cock in the side branch, making connection 
by a rubber tube to a reservoir hung behind the scale and expansion 
tube. Adjustment of scale reading is made by opening the glass 
cock, moving the reservoir up or down, and closing the cock. When 
the calorimeter is not in use the cock should be open, so that as the 
calorimeter cools off the liquid may not contract so far as to draw 
air into the top of the calorimeter. 

No stirring is done. The argument is that if one part of the 
liquid becomes hotter than the rest, it expands correspondingly, and 
hence changes the scale reading. As the scale shows the total ex¬ 
pansion of the entire body of liquid, it indicates accurately the mean 
temperature of the liquid. Temperature differences in different 
parts of the liquid cannot become large, for convection currents 
would then be set up which would tend to restore equilibrium. 

To make a run with the Carpenter calorimeter proceed as follows: 
See that the calorimeter is correctly set up inside its jacket, that 
thermometer and plug are in place, etc. Adjust the water level in 
the scaled expansion tube to be just above the zero of the scale. 
Weigh out a fuel sample (about one gram), preparing the sample as 
in the directions above for the bomb, by grinding some of the “coal 
as received” to about the fineness of a xoo-mesh sieve. Remove 
the charging plug from the calorimeter, adjust the loaded crucible 
upon the stand, and set the igniter ready for operation. Screw the 
plug back into place. Connect up the igniter wires and the oxygen 
tube. Turn on the oxygen, adjusting the. supply until it flows 
through under an entering pressure of about 3 inches of water, as 
indicated by a manometer connected on the line. Let the arrange¬ 
ment stand with oxygen on for about five minutes to become steady. 
Then take a reading of the scale and the thermometer. Five 
minutes later repeat these readings. These establish the initial 
“ radiation rate.” At the instant of this second set of readings 
operate the igniter to start the combustion, watching through the 
windows provided for that purpose. If the coal flames up consider¬ 
ably, choke the oxygen supply until the flame quiets. Take read¬ 
ings of the scale at least every five minutes, exactly on the minute, 
dating from the time of ignition. It is better to take readings 
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rather more frequently, say every two or three minutes, while the 
combustion goes on. Combustion continues from ten to fifteen 
minutes. After combustion ceases it takes from ten to fifteen min¬ 
utes longer for the calorimeter to steady on to the second radia¬ 
tion rate. Continue readings at five-minute intervals until a main¬ 
tained steady change from reading to reading shows that the final 
radiation rate has been found. With the last scale readings observe 
also the temperature by the thermometer of the liquid in the calo¬ 
rimeter. Shut off the oxygen; remove the plug. Weigh the crucible 
and ash, after drying, to determine the ash content of the coal. The 
combustion in this calorimeter is so quiet that the calorimeter sample 
serves for the ash determination. 

259. Calculations with the Carpenter Calorimeter. — The calcu¬ 
lations and observations for this test are like those of the bomb 
calorimeter, with the substitution of calorimeter scale reading for 
calorimeter temperature. Radiation rates, rise, corrected readings, 
etc., are figured on the scale readings. Then, adding the actual 
observed temperatures of calorimeter liquid at beginning and end 
of run, and dividing by 2, find the actual mean temperature of the 
run. With this enter the calibration curve (of calorimeter constant 
against mean temperature of run), and find the particular value of 
the constant applying to the run. The calorimeter constant times 
the corrected scale rise gives the B.t.u. (or calories) produced by the 
burning of the sample. From there on the calculations are again 
like those of the bomb calorimeter. 

It has been mentioned that calibration of this calorimeter must 
be made. A “known ” fuel may be prepared very easily by either 
burning, coking, and grinding granulated sugar or by coking and 
grinding any good grade of soft coal. The coking .should be done 
at white heat under exclusion of air. The coke thus made should 
be ground to pass a 50-mesh sieve, and should be used dry — that 
is, just previous to use it should have been dried by heating for an 
hour or more at 250° F. or higher. The combustible portion of the 
material so made may safely be assumed to be pure carbon, of a 
heating power of 14,540 B.t.u. per pound, equivalent to 32.20 B.t.u. 
per gram. The difference in weight of crucible -f- sample before 
the run and dried crucible -|- ash after the run gives the weight of 
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carbon burned. For calibration, runs should be made with this 
known fuel exactly as with an imknown; then by calculating back* 
wards the calorimeter constant for the mean temperature of each run 
is found. A calibration curve of calorimeter constant against mean 
temperature of run should then be plotted. 

It win be noted that nothing has been said about the heat from 
the igniter. This should be controlled so as to be the same from run 
to run. Further, such a weight of sample should be taken as to 
make the total heat evolved in the calorimeter practically the same 
in every run. When these conditions are met no attention need be 
paid to the heat from the igniter, as it will form the same propor¬ 
tionate part of runs upon both known and unknown fuels; and the 
“constants” found in the runs on known fuels will apply to runs 
upon unknown fuels. If these conditions are not met the calo¬ 
rimeter will not give satisfactory results. 

The actual run during which calorimeter readings are being taken 
lasts about half an hour with the Carpenter calorimeter. On 
account of this long time radiation mounts up, so that the radiation 
correction may become as much as to per cent of the total corrected 
.scale reading. As the certainty of radiation calculations is of the 
order of dr lo per cent, this introduces a possible error of rt i per 
cent, and better work than this should not be attempted with the 
Carpenter calorimeter. This accuracy is, however, good enough 
for most engineering work. 

260. The Parr Calorimeter. — The Parr calorimeter, Fig. 356, 
in its general operation, method of run, etc., is essentially similar 
to the bomb calorimeters. It differs from them in that, instead of 
using compressed gaseous oxygen surrounding the fuel, it gets oxy¬ 
gen from a chemical powder (sodium peroxide) mixed with the 
powdered fuel. The reactions in this case, however, are not those 
of simple combustion. The products of combustion, CO2, H2O, 
SO2, or SO3, etc., further react with some of the NazOj or NazO to 
form NazCOg, NaOH, NajSOs, or Na2S04, etc., and these products 
are therefore chemically bound and do not escape. These by¬ 
reactions also evolve heat, the quantity of which depends upon the 
proportion of the mixture used. In a way this is an advantage, in 
that it uicreases the amount of heat to be measured in the calo- 
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rimeter for a given weight of fuel sample. The excess of heat may 
amount to from 30 to 40 per cent of that from the combustion 
proper, and is corrected for by multiplying the heating value of the 
combustion as determined by a 
percentage factor. 

Fig. 356 shows the general rela¬ 
tion of the parts of this calorimeter, 
while Figs. 357 and 358 give the de¬ 
tails of the so-called cartridge D. 

In thiscartridge there is placed the 
prepared coal together with the 
proper amount of the chemical 
used for the generation of the 
necessary oxygen, the charge be¬ 
ing inclosed gas tight. The mix¬ 
ing is done by shaking. After 
idling, the cartridge is placed in 
the calorimeter vessel, the to\ers 
are put on, and the fuel is lighted. 

Stirring is done by continuous ro¬ 
tations by means of the pulley P, 

Fig. 356, the water being agitated 
by the small blades shown at the 
sides of the cartridge. The casing 
E in the same figure is open top 
and bottom to promote water cir¬ 
culation. Ignition is produced in 
two ways, depending upon the construction of the cartridge. In Fig. 
357, depressing the cap 0 against the spring iV opens the valve M, 
and ignition may then be effected by dropping a piece of red-hot 
wire down the central hole. Fig. 358 shows a modification in which 
an electric current is used to fuse the wire G. Contact is made 
through K and the stem B. In either case the heat of ignition must 
be corrected for 

The observations taken during a run are the same as for the ordi¬ 
nary bomb and the computations are made in the same way. The 
calorimeter allows of very quick determinations. There are, how- 
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ever, several things tending to impair accuracy that should be 
mentioned. 

(c) The sodium peroxide combines violently with water, even in 
the form of moisture; it is hard material to handle, and it is likely 
to deteriorate in keeping. 



Fre. 3S7. Fig. 358. 

Detaii.s op Cartridge, Parr Calorimeter. 


{b) When the NajOz has aged, partially changing to NaOH, the 
character of the by-reactions and the heat evolution from them 
change. 

(c) The excess, heat from the by-reactions does not have exactly 
the same ratio for C, H, and S; hence a change in the composition 
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of the fuel tested involves a change in the ratio between true heat 
of combustion and heat evolved in the calorimeter. 

(d) It is hard to get complete combustion. The fused coke re¬ 
maining in the “ bomb ” after a run frequently contains tmbumed 
material. 

Despite these disadvantages, the Parr calorimeter is accurate 
enough for most commercial work, and when checked occasionally 



Fio. 3S9.—Junker Gas Caeorimetee. 


against a good bomb calorimeter it is quite satisfactory. This 
checking enables the operator to make corrections for the errors 
above, as they are occurring in his own work. 

Of the discontinuous calorimeters, the “bomb” and the Favre 
and Silbermann may be called “ primary ” instruments, being of 
sufficient accuracy for scientific as well as commercial work; the 
Carpenter, Parr, and others like them, are “secondary” instru- 
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ments, good enough for most commercial work and quite accurate 
provided they are occasionally checked against a primaryinstrument. 

261. Contmuous Calorimeters. — Continuous calorimeters may be 
typified by the one most important in engineering, the Junker cal¬ 
orimeter, Fig. 359 and Figs. 360a and 360!). 

Fig. 3S9 shows the parts belonging to a complete outfit. At the 
left there is a delicate wet gas meter (inlet at g). The gas flows 



Fig. 360a. Fig. 300!). 


through a pressure regulator and is then supplied to a burner located 
centrally in the calorimeter. Water is supplied at a (b being an 
overflow), regulated at c, and escapes at c. / is a drain cock. The 
water is measured, either in a graduated cylinder as shown, or by 
some other means. The water of condensation is caught and 
measured at d. 
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The cross section of Fig. 360a makes the construction of the calo¬ 
rimeter clear. The rate of supply of water is regulated by means of 
the plug cock 9, and the pointer and scale ii, Fig. 360b. Tempera¬ 
ture of the inlet water is taken at 13. The water rises in the jacket 
around tubes (see cross section) through which the products of 
combustion formed in the space 28 pass downward. The warm 
water passes plates 38, having staggered holes to promote thorough 
mixing, and flows out through 18, 20, and 21 either to the measuring 
apparatus or to waste. Temperature of outlet water is measured 
by thermometer 43. The gas from the regulator is furnished to the 
burner at 22. Orifice 24 can be exchanged to suit the kind of gas. 
Slide 23 serves to regulate the air supply. The gases of combustion 
formed in 28 rise to 29, pass down through 30, and escape through 
31 and 32. The damper 33 serves to control the rate of escape. 
The pipe 32 is furnished with a thermometer to indicate the tem¬ 
perature of the outlet gases. The degree of cooling is thorough 
enough to partially condense the water vapor in the gases, the 
condensation flowing out through 35. The entire calorimeter 
body is surrounded by a polished metal jacket 36 forming an air 
space 30. 

This instrument is adapted for either gaseous or liquid fuels, a 
special attachment (weighing balance) being furnished for the latter. 
By the device of maintaining a constant head upon an orifice the 
rates of flow of heat-absorbing liquid (water) and fuel (gas or liquid) 
are kept very closely constant. The products of combustion flow 
counter to the water, so that they are thoroughly cooled. By con¬ 
trolling the rates of flow of gas and of water as described above, the 
observer should be able to get simultaneously: (i) discharge gases 
of the same temperature as the atmosphere or the entering gases; 

(2) a sufficient range of temperature of the water between intake 
and outlet to give accuracy in the heat calculations. 

The observations are: 

(1) Rate of flow of water. 

(2) Temperature of water entering the calorimeter. 

(3) Temperature of water leaving the calorimeter. 

(4) Rate of flow of fuel. 

(5) Temperature of fuel. 
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(6) Temperature of room. 

(7) Temperature of discharge gases. 

(8) Amount of water of condensation. 

(6) and (7) enter only into the regulation of the instrument, (i), 
(2). (3), (4), and (8) are used in the calorimetric calculations. 

(1) is measured by observing, with a stop watch, the time re¬ 
quired to fill a large graduate (2000 c.c., for example) with discharge 
water from the calorimeter. By suitable means of measuring water 
the operation of the calorimeter may be continued for a considerable 
time. By the use of an accurate scale of considerable capacity it is 
easy to make runs lasting several hours, and long-time trials on pro¬ 
ducer gas plants, for instance, may thus be covered by an almost 
continuous heating value determination of the gas. The tempera¬ 
ture of this water is known (measurement 3), so correction can be 
made for its density and specific heat. 

(2) and (3) are the averages of frequent readings of the water 
thermometers during the progress of the nm. 

(4) If gases are being burned, the rate of flow of gas may be 
measured either by the fall of a gasometer or, more commonly, by 
the use of a special gas meter. In either case the temperature and 
pressure of the gas must be taken at the point where its volume is 
measured. With the gas meter one has to calibrate the meter care¬ 
fully — the ultimate recourse must be the gasometer. To measure 
the rate of flow of liquid fuels, an ingenious device is furnished with 
the calorimeter, consisting of a pressure tank, holding the fuel and 
supplying the burner, this tank being suspended from one knife- 
edge of a balance. The rate of flow is found by taking with a stop 
watch the time between throws of the balance beam when a known 
weight has been taken from the opposite pan of the balance between 
the throws. 

To find the heating value of the fuel, multiply the volume of 
water flowing per unit of time (the time unit is arbitrary) by the 
density and specific heat of water at the discharge temperature, 
and by the temperature range of the water between intake and dis¬ 
charge; divide by the volume or weight of fuel flowing in the same 
imit time. The result is approximately the higher heating value of 
the fuel. 
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Radiation is small and is neglected. There is no water equivalent 
of the calorimeter to consider. If the temperature of the discharge 
gases differs from room temperature the results will be in error, but 
the amount of correction is uncertain and cannot be computed. 
The volume of a gaseous fuel must be corrected to whatever condi¬ 
tions have been determined upon as standard. In most industrial 
reports this standard condition must be the condition at the gas 
meters according to the measurements of which charges are made 
for gas. The results should also be given calculated to the scientific 
standard conditions of 32° F. and 29.92 inches of mercury pressure 
in order to be comparable with measurements made in other places. 

The Junker calorimeter measures nearly the higher heating value 
of the fuel. It does not quite do so, becau.se moisture escapes \m- 
condensed as “humidity” in the exhaust gases. If the air and gas 
supplied to the calorimeter be both saturated with moisture, then 
the calorimeter will truly give the higher heating value of the fuel, 
for it will condense all moisture found from the combustion of 
hydrogen. The lower heating value of the fuel can be readily found 
under any conditions from the instrument as it is run ordinarily. 
The condensed moisture can be caught and measured as it drips 
from the instrument. Find the rate of this drip, and calculate by 
the methods given above, page 467, in the discussion of the difference 
of higher and lower heating values, the corresponding heat; sub¬ 
tract this from the heat measured, and the lower heating value of 
the fuel will be accurately determined. If the hydrogen content 
of the fuel be known, the higher heating value can be easily calcu¬ 
lated from the lower. The true higher heating value of the fuel 
will be found to be considerably above the value measured by the 
calorimeter imder the ordinary running conditions. 

For ordinary gases the Junker calorimeter uses a form of Bunsen 
burner. Gases of low heating value, such as producer gas, can be 
mixed with air and burned in a simple metal tube. In burning 
liquid fuels, such as gasoline, kerosene, or heavier oils, a regenera¬ 
tive burner may be used. Air pressure forces the liquid through a 
coil of metal tubing which lies above the flame and is heated by it. 
In this coil the liqriid is gasified. It then passes downward, turns 
upward again, and escapes through a tiny orifice in a gaseous jet, 
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which bums much after the fashion of a Bunsen flame. In dealing 
with heavy oils the regenerator coil must be artificially heated before 
the burner can be started. Care must be used not to choke the 
orifice of the burner. 


Commercial Fuels. 

262. Composition of Fuels. — Fuels are classified as solid, liquid, 
and gaseous. By far the most important of all fuels is coal, the vari¬ 
ous grades of which are again classified, usually in three main classes: 
anthracite or hard coal, bituminous or soft coal, and lignite. Next 
to coal in properties come peat and wood, and vegetable and animal 
wastes, such as bagasse, garbage, etc. The most important liquid 
fuels are petroleum or petroleum products. The gaseous fuels are 
natural gas and various forms of artificial gases, such as illuminat¬ 
ing gas, water gas, producer gas, blast-furnace gas, etc. 

Wood and similar vegetable materials consist of cellulose, starch, 
water, and secondary amounts of various carbohydrates other than 
cellulose and starch. When decomposed by heat, out of contact 
with air. wood yields acetic acid, methyl alcohol, and small amounts 
of CH 4 , H2, CO2, CO, C2H2, etc. Acetic acid and methyl alcohol 
are both hydroxyl derivatives of methane, CH4. When vegetable 
matter is deposited in damp places, such as swamps and marshes, 
and slowly decomposes, it gives off CH 4 , which is commonly known 
as “marsh gas.” Peal is the result of decomposition of vegetable 
matter under water. When dried it acts as a combustible inter¬ 
mediate in grade between wood and coal. Coals are the result of 
long-continued slow decomposition of vegetable matter deposited 
in marshy places, followed by long periods of high pressure, and in 
some cases of quite high temperature while buried underground. 
Nearly all of the moisture of the peat has been driven out by pressure, 
and both pressure and temperature have assisted in the decomposi¬ 
tion of the carbohydrates of the original vegetable matter. Coals 
consist of elementary carbon, together with hydrocarbons and car¬ 
bohydrates, mostly of the methane or “paraffin ” series, moisture, 
and such clay and sand as were deposited in the original vegetable 
matter, and now make the “ash” of the coal. Where the coal 
during its formation geologically has been highly heated, little of 
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the hydrocarbons or carbohydrates are left, and in extreme cases 
the elementary carbon has been partially transformed into graphite. 

Classification of coals is difficult because of the variety of the 
original vegetable materials, of differences in the geologic ages, and 
of the variations in pressures and temperatures which have played 
parts in determining the final result. There is hardly a definite 
break in the series from wood to graphite. Roughly, the parts of 
the series run as follows: 

1. Wood. — Fresh vegetable material, cellulose, starch, and water; 
needs usually to be dried for satisfactory use. 

2. Peat. — Vegetable matter more or less decomposed under 
water. Must be dried either by weathering or by pressure, or both, 
before use. 

3. Bromn lignite. — Carbon, complex paraffin hydrocarbons and 
carbohydrates, water. Loses large amounts of “ hygroscopic ” 
water by weathering (20 to 30 per cent by weight of the lignite as 
mined). 

4. Black lignite. — Like the brown lignite, but with more ele¬ 
mentary carbon and less water. 

5. Semi-bituminous coal. — Intermediate in grade between black 
lignite and bituminous proper. 

6. Bituminous coal. — Carbon, complex hydrocarbons with 
some carbohydrates, and no hygroscopic water. 

7. Semi-anthracite coal. — More elementary carbon than 6, and 
no carbohydrates, less of hydrocarbons, and these simpler. 

8. Anthracite, coal. — Elementary carbon and simple hydro¬ 
carbons (CH4). 

9. Graphitic anthracite. — Very little hydrocarbons left, and some 
of the elementary carbon transformed to graphite by heat. 

10. Graphite. — Final result of long-continued heat. 

From peat downward through the series to graphite, moisture 
and ash (mineral matter) are of course present. The amounts of 
moisture and ash are almost entirely accidental, and have nothing 
to do with the above classification, which deals with the combustible 
portion of the fuels. 

Liquid fuels, or oils, arc either petroleum or petroleum derivatives. 
American petroleum of the eastern fields is largely a mixture of 
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liquid hydrocarbons of the methane or parafl&n series, of the general 
formula Cja.an+2. The first member of this series, methane, CH*, 
is a gas prominent in natural gas. The heavier members of the 
series are liquids. By distillation these different hydrocarbons may 
be more or less completely separated from each other. Simulta¬ 
neously with the distillation more or less chemical break down goes 
on, and towards the end of the distillation this chemical break¬ 
down of the heavier hydrocarbons is the most important part of 
the process. 

The Texas petroleum contains both paraffins and olefins, the 
latter hydrocarbons of the general formula C„H2„. The presence 
of the olefins makes the Texas petroleums less valuable as a base 
for the making of gasoline or kerosene, and causes the Texas oil to 
be used more largely in the crude state. California petroleum has 
an asphaltum base, and is largely used in the crude state as well as 
in the refined. Russian petroleum is composed mostly of olefins and 
therefore refines differently from the Eastern American petroleum. 

Natural gas has considerable use as a fuel and illuminant in those 
localities favored by its occurrence. Artificial gaseous fuels are made 
by the distillation or partial combustion of coals. Coal gas or illu¬ 
minating gas is a distillation product. Water gas combines distilla¬ 
tion with partial combustion in the presence of steam. Producer 
gas is made by a partial combustion process in the presence of a 
mixture of air and steam. The characteristics of the various gases 
are illustrated in the following table: 


Gas Variety 

Volumetric Analysis 

j Per Standard Cubic Foot. 

CH 4 -I- 

CilU 

Ih 

CO 

Oi 

N, 

HjO 

Weight, 

Pounds. 

Btu. 

(Higher). 

Natural. 

93 

2 

0.5 

0.4 

3 5 


0 . 4 s 

1100 

Coal. 

44 

46 

6 

o.S 

1-5 

1-5 

0.32 

730 

Water.. 

2 

45 

45 

0.5 

2.0 

1-5 

0-45 

325 

Producer. 

2 

12 

27 

0.3 

57 


0 . 6 s 

140 


Analysis of Fuels. 

The analysis of fuels is commercially necessary as a basis of de¬ 
termining the market value of the fuel, or its relative value for a 
particular case. In the following we shall consider almost entirely 
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the analysis of coals, bringing in the oil and gas analyses incidentally 
in other sections of this cb.apter. See also Chap. XXI. 

263. Coal Analysis. — There are two methods of coal analysis 
in common use. The chemical or idtimaie analyas determines the 
percentages by weight of carbon, hydrogen, nitrogen, oxygen, 
sulphur, and ash (and generally the moisture). This kind of anal¬ 
ysis is rather costly and is not necessary for ordinary engineering 
work, unless close determinations of the efficiency of the apparatus 
using the fuel must be made. The engineering or proximate analysis 
(not approximate, but quite as definite an analysis as the chemical) 
breaks the coal up into parts in the same way as it acts in the fur¬ 
nace, determining moisture, volatile combustible, non-volatile com¬ 
bustible (called fixed carbon), and ash, and also determining heating 
power. An incidental determination of coking jx)wer is always 
made. The pertinence of the proximate analysis to engineering 
work is obvious. It tells at a glance how the fuel will act in the 
furnace. If the volatile combustible percentage is high, a large 
combustion chamber is necessary in the furnace, with provision for 
oxygen supply to mix with the volatile matter and bum it. If a 
furnace has a relatively small combustion chamber it must, within 
limits, to be efficient, burn a coal with low volatile, i.e., an anthra¬ 
cite. 

264. Sampling. — The first step toward the analysis of a coal is 
to obtain a truly representative sample. In sampling a carload or 
a pile of coal, a shovelful of coal should be taken from each of 10 or 
15 places in the heap, choosing each shovelful to be representative 
of the material in its vicinity. In sampling the coal used in a test, 
of a boiler for instance, a shovelful of coal should be set aside at 
short intervals throughout the test from the lots of coal just before 
they are weighed out to be fired. In one or the other of the above 
ways there will be obtained a fairly representative sample of from 
TOO to 200 pounds’ weight. This sample should be protected always 
from gain or loss of moisture, and from gain of foreign matter, such 
as dirt. This first sample is too large for laboratory use. All 
lumps should be broken down, until the large sample is uniformly 
chestnut size or smaller. Then thoroughly mix the sample and 
quarter it. Again crush the coal, this time to about pea size, mix 
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thoroughly, and from this material take out the laboratory samples, 
immediately scaling them air and water tight in glass jars. Ordinary 
fruit jars are very convenient for this purpose. The best practice 
would take duplicate samples. These samples are to remain sealed 
air and water tight untO opened in the laboratory for analysis. 

In the laboratory the first act is a further grinding and mixing of 
the sample. A large coffee mill is a convenient machine for this. 
First mix the sample, then put through the mill a small part of the 
sample, and throw away what comes from the mill. This thoroughly 
cleans the mill. Grind, mix, and regrind the sample, until it is 
reduced to about the fineness of granulated sugar. The finer the 
grinding and more thorough the mixing at this stage of the process, 
the easier and more satisfactory will be the determinations to follow. 

265. Moisture is determined by a drying ])rocess. A sample of 
ten or twelve grams’ weight is taken, carefully weighetl, then dried 
for an hour or so at 105° C. or 220° F. The temperature must be as 
high as this for thorough drying, and must not go much higher on 
account of the danger of driving out volatile hydrocarbons as well 
as moisture.* Commercially the loss of weight at the end of an 
horn’s drying at 220° F. is called the moisture. Accurately, weights 
should be taken at intervals, to determine the end point of the 
moisture loss. The samples should be cooled in a desiccator before 
weighing on the chemical balance; if weighed hot, air currents in 
the balance chamber will vitiate the weighings. Determinations 
of moisture should always be made in duplicate, and should check 
within one-half of one per cent. 

The drying cabinet may be of the simplest construction, - merely 
a metal box heated externally by a Bunsen burner, and provided 
with a thermometer by which to watch the temperature. If anal¬ 
yses are to be made more than occasionally, it is economical to 
have a more elaborate apparatus, with a thermostat to control the 
temperature automatically. 

266. Volatile Matter is determined in a manner similar to the 
moisture detennination, but with the temperature at red to white 

* With American anthracite and bituminous coals the temperature may go up to 
300“ F. without serious danger of loss of “ volatile,” but trouble will be met from slow 
oxidation of the coal being dried. 
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heat, and with careful exclusion of air in order to prevent any burn¬ 
ing of the sample. The determination really made is (moisture ■+ 
volatile), both being expelled by the process. The volatile is then 
found by difference, since the moisture is already known from the 
preceding test. A convenient method is as follows: Weigh out 
accurately on a chemical balance 10 to 12 grams of sample. Put 
it into a porcelain or fire-clay (Hessian) crucible of a capacity two 
or three times the volume of the sample. If the coal is not very 
moist, wet it slightly after putting it into the crucible. The extra 
moisture so introduced serves to expel air from the crucible and 
prevent all oxidation of the sample. Take a piece of asbestos paper 
somewhat larger than the top of the crucible; wet it, put the wet 
paper between the edge of the crucible and the lid, and weight down 
the lid. This gives a tight lid, which will act as a safety valve, 
allowing the escape of moisture or volatile from within the crucible, 
but preventing the ingress of air. Heat the crucible with a blast 
lamp capable of taking the temperature well up toward a white heat. 
Heat slowly for the first five minutes, while expelling the moisture; 
then heat to the limit of the apparatus for the balance of a half hour. 
Cool with the lid on. When cool, remove the lid and inspect the 
contents of the crucible as to coking power of the coal, noting 
whether the coal has coked into a single spongy mass or is still 
granular. Carefully remove all the residue from the crucible and 
weigh the residue; the loss from the original weight of sample taken 
is moisture -f volatile matter. Run the determination in dupli¬ 
cate; the results should check to within one per cent. Find the 
volatile by difference of the result of this and the moisture deter¬ 
mination. 

As variations on the above method the weights might be taken 
of crucible, crucible -f sample, and crucible + re.sidue; and special 
crucibles for these determinations may replace the common porce¬ 
lain or fire-clay laboratory crucible. Fire-clay crucibles change their 
weight when first used in this test, absorbing volatile matter and 
decomposing it with a deposition of carbon in the crucible walls. 
In case the crucible is weighed, a new fire-clay crucible should there¬ 
fore be saturated by a blank run before using it for an actual 
determination. The special crucibles which can be had for this 
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determination have damp lids and allow the recovery and analysis 
of the volatile matter and moisture driven off from the coal. This 
latter analysis is not of much importance commerdally, save where 
the coal is to be used for making gas. 

267. Determination of Fixed Carbon, or non-volatile combustible, 
is by difference. Above have been given the determination of 
moisture and volatile; with ash and fixed carbon added, the sum is 
100 per cent. The fixed carbon is found by subtracting from too 
per cent the sura of moisture, volatile, and ash. 

An explanation should be given of the relationship between the 
“volatile” and the “fixed carbon ” found in this method of testing. 
The volatile represents only a portion of the hydrocarbons or car¬ 
bohydrates of the coal. The heating of the coal, either in the actual 
furnace or in the crucible in the volatile determination, decomposes 
the hydrocarbons partially and the carbohydrates almost completely, 
leaving carbon from them to add to the elementary carbon already 
present in the coal, increasing the fixed carbon, and giving off as 
volatile simpler hydrocarbons and those in smaller quantities than 
the hydrocarbons contained in the coal. It is becau.se of this de¬ 
composition of the hydrocarbons and the carbohydrates that the 
analysis of the volatile does not give the composition of the hydro¬ 
gen-carbon-oxygen compounds in the coal. 

The volatile also includes sulphur from either S or FeSa in the 
coal, CO2 from the decomposition by heat of carbonates in the coal, 
and NaOe from the decomposition of organic nitrates. 

The smaller the quantities of hydrocarbons or carbohydrates 
present, the higher is the temperature required to begin their 
destructive distillation. In the hardest anthracites even CH4 is 
decomposed and the volatile obtained is largely hydrogen, together 
with sxilphur and oxygen and nitrogen from the decomposition of 
organic nitrates. Up to 20 per cent volatile in total combustible, 
the CH4 probably makes up all of the hydrocarbon volatile in the 
coal. Beyond 20 per cent volatile in the combustible, that is, with 
bituminous coals and lignites, heavier hydrocarbons are present. 
Carbohydrates characterize the lignites. In the case of lignites 
and semi-bituminous coals, even heating to drive out moisture may 
drive out some volatile combustible. 
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268. The Ash Detennination is best made by the quiet burning 
of a weighed sample in an atmosphere of oxygen at low pressure. 
Under high oxygen pressure the burning is too nearly explosive and 
ash or combustible may be blown out of the crucible. Burning in 
air is too slow and too liable to be incomplete for a satisfactory 
commercial method. In finding ash by burning in air, the sample 
must be heated nearly white hot in an open crucible for some hours. 
The burning in oxygen is complete in ten or fifteen minutes. The 
weights are: (i) crucible; (2) crucible + sample; (3) crucible + 
ash. The crucible and ash should be heated to dry them and then 
cooled in a desiccator before weighing. The ratio of ash weight to 
sample weight gives the percentage of ash. Duplicate determina¬ 
tions should be made and should agree to within one per cent. 

Oxygen is necessary for the calorimetric determination of the heat¬ 
ing value of coal. It is very easy to rig up a small oven or com¬ 
bustion chamber with an igniter, for the nxaking of combustions 
in an oxygen atmosphere for the ash determination. All drafts 
across the crucible must be avoided. The oxygen supply must be 
under control so as to regulate the rapidity of combustion. Coals 
with high volatile must be made to bum slowly. The combustion 
chamber should have a window through which the burning can be 
watched. 

The ash of a coal is not identical with the mineral matter in the 
coal. Coals carry sulphur and iron as FeS2 (pyrites); sulphur as S; 
and frequently mineral matter as carbonates. The ash consists 
mostly of oxides and silicates, and is in part at least a product of the 
combustion of the coal. Combustion makes S into SO2; FeSa into 
Fe-iOa and SO2; carbonates into CO2 and oxides. The CO2 from 
carbonates and S from FeS2 or S appear as volatile in the volatile 
test. It is therefore not scientifically correct to figure true coal by 
subtraction of moisture and ash from coal as received; although in 
general this computation is good enough as a first approximation. 

269. Determination of Heating Value.— The last determination 
of the proximate analysis is that of the heating value. For most 
calorimeters, except the Parr, which requires absolutely dry fuel, it 
is best to use either coal as received or an air-dried sample of which 
the moisture loss from coal as received is known. To prepare the 
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coal for the calorimeter, grind the coal with a mortar and pestle or 
equivalent device to about the fineness of flour, so that half or more 
is fine enough to pass a lOo-mesh sieve. Do not, however, take that 
part of the coal which passes the sieve, rejecting that which does not. 
The sample so obtained would not be a fair one. Mix up well oM of 
the ground material, whether it passes the sieve or not. Bottle and 
cork this finely ground coal immediately after it is prepared, for if 
left exposed in the room it will rapidly change its moisture content. 

(For the operation of the calorimeter and the computation of heat¬ 
ing power, see the preceding part of this chapter.) 

Results of the proximate analysis are reported in the following 
form, on which the items usually observed are indicated by a star, 
the rest being calculated. “Coal as received ” means the sample as 
it came to the laboratory. “Dry coal” is coal as received less the 
moisture, expanding the remaining items to sum up to roo perl'ent. 
“Combustible” is coal as received less both moisture and a*; it 
expands the two items “ volatile ” and “ fixed carbon ” to sum up 
to too per cent. 

FORM FOR REPORTING THE PROXIMATE ANALYSIS OF COAL. 

As Received, ioo%. Dry Coal, ioo‘’c Combustible, ioo%. 

Moisture. , .*. 

Volatile matter.* . . , , .. 

Fixed carbon . .... . , . ... 

Ash. *. . 

B.tu. per lb. i* . , , . 


Color of jish . .. . .* 

Coking qualities. . , 

General remarks: _ _ 

The method of calculating across from coal as received to the 
other columns is obviously the division of the items in the coal “as 
received ” colunrn by the percentages of dry coal or combustible in 
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coal as received. It should be remembered that the calorimetos 
generally find the higher heating value of the coal. 

270. The Chemical Analysis of a coal is one to be made only by a 
chemist. It determines the percentages by weight of C, H, 0 , N, S, 
and adds frequently determinations, like those of the proximate 
analysis, of moisture and ash. 

This analysis is necessary whenever definite heat balances must 
be established lor any test. In this connection the most impor¬ 
tant item not found by the proximate analysis is hydrogen. Hap¬ 
pily, Prof. L. S. Marks has shown* that the hydrogen not in moisture 
can be found very accurately from the results of the proximate 
analysis. The writer has fitted equations to Professor Marks’ 
curves, allowing the computation of the chemical analysis of a coal 
to be made from its proximate analysis with sufficient accuracy for 
most work. 

In the proximate analysis the combustible is the summation of the 
items “volatile matter’’ and “fixed carbon,” or it is equal to coal 
as received less moisture and ash. Let 

F = the weight per cent of volatile matter in combustible, 

H — the weight per cent of hydrogen in combustible, 

C = the weight per cent of volatile carbon in combustible, 

N — the weight per cent of nitrogen in combustible. 

Then the following equations express the Marks’ curves: 

11 = .013V 

If -1-10 7 

This gives the hydrogen not in moisture for all American coals, to 
an accuracy of about ±0.2 of one per cent. 

For volatile carbon (carbon occurring in the volatile matter), with 
an accuracy of d= 2 per cent approximately: 

C=0.02 F® for anthracite, and C=0.9 (F — 10) for semi-anthracite, 

C=o.9 (F—14) for bituminous and semi-bituminous, 

C=o.9 (F—18) for lignites. 

Sulphur in the coal directly increases the value of F; hence the 
calculated value of C here will be too high practically by the S con¬ 
tent of the combustible. 

• Pmver, Vol. 2O1 P- 0*8, Dec., igoS. 
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For nitrogen (nitrogen comes off in the volatile matter), with an 
accuracy of db 0.5 of one per cent: 

N = 0.07 V for anthracite and semi-anthracite, 

N = 2.10 — 0.012 V for bituminous and lignite. 

Oxygen and sulphur are too widely variant to allow of any calcu¬ 
lation; their amounts arc more or less accidental. 

A chemical analysis sufficient for the purposes of the engineer can 
be obtained from the proximate analysis by the ust^ of the above 
equations, as the following example will show: 

Example, — The following are the proximate and chemical analyses given 
by the U. S, Geological Survey for a certain sample of Illinois coal: 

HjO Vol. Matter Fixctl C Ash 

Proximate Analysis, per cent, 12.91 31.9 43.55 11.64 

H Total C N O S A^h 

Chemical Analysis, per cent, 5.43 6074 1.15 19.72 1,32 n.64 

Evidently since the ash content of these two analyses is the same, the 
percentages of H and 0 given in the chemical analysis must include the per¬ 
centages of these gases in the j2,qi per cent of H>0 given in the proximate 
analysis. Restating this analysis so as to have the water appear, we will have: 

H Total C N OS Ash HaO 

Chemical Analysis, per cent, 4.00 60.74 i'i5 ^-24 132 11.64 12.91 

The problem is to see how closely this chemical analysis can be checked by 
starting with the proximate analysis above. 

Computing the proximate analysis to the basis of combustible by dividing 
by (i.o - .1291 - .1164) = .7545, we will have: 

Vol. Matter Fiml C 

42.3 57-7 

Substituting in tbe equations given above (F = 42.3) we then obtain 

^ (42.3 +10 ~ ^ SvW per (cnt, 

Vol. C = .9 (42.3 - 14) =25.47 per cent, 
and N == 2.10 - .012 x 42.3 == 1.59 per cent. 

The analysis of the combustible will now read as follows: 


u 

Vol. C j-Fixed C ^ 

« Total C ^ 

Total 

5-39 

^3-17 I 59 

9'8S = 100 


Recomputed to the basis of coal as received by multiplying by 
will have: 


H Total C 

4.07 62.7s 


Ash 

11.64 


■7545 we 


n 

1.20 


Rest (0) 

7-43 


Water 

12.91 
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Comparing these figures with those given by the chemical analysis above 
it will appear that the agreement is fairly close with the exception of that for 
total carbon. As pointed out above, this is largely due to the fact that in this 
method of computation the sulphur content is prac tically all added to the total 
carbon, and if the sulphur content of the coal be known, as it is in this case 
(1.32 per cent), correction can be made so that the computed chemical analysis 
will fuxally show. 

II Total C N O S Ash HjO 

4.06 61.4* 1-22 7.22 1.32 11.64 12.01 

271. Sulphur Determination. — A determination of sulphur is 
occa.si(mally of interest, and in some cases necessary, as, for example, 
in coals used to make illuminating gas and for the fuel for gas 
producers, cupolas, or blast furnaces. High sulphur will make its 
presence known without special analysis. In ordinary boiler work 
sulphur is fairly harmless. In economizer installations, where the 
flue gases are cooled considerably, the SO2 and SO3 formed from 
combustion of S combine with moisture to form H2SO3 or H2SO4 
(sulphurous or sulphuric acid), which corrode the joints of the 
economizer. Similar trouble may occur in ordinary boiler work, but 
there the temperature of the flue gases is usually too high to allow 
the formation of much of the acids. 

I'he American Chemical Society directions for sulphur analysis 
are as follows: 

Mix thoroughly one gram of finely powdered coal * with one gram 
of magnesium oxide and one-half gram of dry sodium carbonate in 
a thin platinum dish having a capacity of 75 to 100 c.c. A crucible 
may be used, but a dish is preferred. The magnesium oxide should 
be light and porous, not a compact, heavy variety. 

The dish Is heated in a triangle over an alcohol lamp, held in the 
hand at first. Gas must not be used, becau.se of the sulphur that it 
contains. The mixture is frequently stirred with a platinum wire 
and the heat raised very slowly, especially with soft coals. The 
flame is kept in motion and barely touching the dish, at first, till 
strong glowing has ceased, and is then increased gradually till, 
in fifteen minutes, the bottom of the dish is at a low, red heat. 
When the carbon is burned, transfer the mass to a beaker and rinse 

• With coak high in moisture a correction may l>e necessary on account of the loss 
of water in powdering the coal. (See aljove, under Moisture.) 
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the dish, using about 50 c.c. water. Add 15 c.c. of saturated bromine 
water and boil for five minutes. Allow to settle, decant through 
a filter, boil a second and third time with 30 c.c. of water, and wash 
till the filtrate gives only a slight opalescence with silver nitrate 
and nitric acid. The volume of the filtrate should be about 200 c.c. 
Add one and a half cubic centimetens of concentrated hydro¬ 
chloric add, or a corresponding amount of dilute acid (8 c.c. of an 
add of 8 per cent). Boil till the bromine is expelled, and add to 
the hot solution, drop by drop, espedally at first, and with con¬ 
stant stirring, 10 c.c. of a 10 per cent solution of barium chloride. 
Digest on the water-bath, or over a low flame, with occasional 
stirring, till the precipitate settles clear quickly. Filter and wash, 
using either a Gooch crucible or a paper filter. The latter may be 
ignited moist in a platinum crucible, using a low flame, till the 
carbon is burned. Weigh as barium sulphate and calculate sulphur. 

In the case of coals containing much pyrites or calcium sulphate, 
the residue of magnesium oxide should be dissolved in hydrochloric 
add and the solution tested for sulphuric acid. 

372. Methods of Computing the Heating Value of Fuels. — The 
chemical or ultimate analysis of coal has been much used for a 
computation of the heating value of the coal, after the Dulong 
formula. If C represents the weight percentage of carbon in the 
coal, H that of hydrogen, O that of oxygen, S that of sulphur, the 
Dulong formula gives the following heating power: 

(52,500 / QN 

B.t.u. per pound = 14,5400 -t-| or [H - 7) + 40205. 

61,950 ^ O' 

The coefficients are the heating powers of the separate chemical 
elements, with that of hydrogen giving either the lower or the higher 

heating value according to the coefficient used. The term (h — —^ 

is supposed to contain a correction for hydrogen already combined 
with oxygen in the coal as moisture. The formula is in a sense 
rational, but the following points should be noted: 

The carbon and sulphur are the only elements present in the coal in a free 
state, and only a portion of them is elementary. Part of the elementary 
carbon may be, and in some anthracites certainly is, graphite. Graphite has 
a deddedly lower heating value than amorphous carbon (about 14,300 instead 
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of 14,540). Part of the sulphur is present as FeSa (pyrites). The sulphur may 
burn to either SOa or SOa; and depending on its initial condition and the com¬ 
pound formed in burning, the heating power varies widely. Combined carbon 
and hydrogen in hydrocarbons have not the same heating power as if they 
existed separately side by side; the heat of formation or dissociation of the 
hydrocarbon must be considered. This makes the heating powers for part 
of the carbon and all of the hydrogen wrong. The amount of error depends 
on the particular set of hydrocarbons present in the coal; in some cases it may 
amount to 20 per cent of the Dulong formula value for the heating value of 


a hydrocarbon. 


The term 



does not contain a proper correction for 


the hydrogen contained in moisture, for not all of the oxygen in the coal is 
combined with hydrogen. Pari of the oxygen is probably combined with 
nitrogen in organic nitrates and part may be present in carbonates in mineral 
matter caught in the coal. 

Taking these facts into consideration, it is not surprising to find the difference 
between the Dulong formula values of heating power and the values deter¬ 
mined experimentally in a calorimeter to be frequently as high as 10 per cent. 
Usually the formula comes within 5 per cent in the cases of anthracite coals. 
The error of the formula, with the coefficients given above, is usually an error 
of excess. 


Empirical formulas, of the same typ6 as the Dulong, but with 
coefficients worked out by comparison of chemical analyses with 
experimentally determined heating powers, give better results, but 
arc still too widely and irregularly in error to be allowable in modern 
engineering work. One such formula, of fairly wide use, is that of 
the Verein Deutscher Ingenieure. It gives the lower heating value 
of a coal, with W = per cent of moisture, and other symbols as 
above. 


Calorics per kilogram - 8000 C + 29,cxx>^// - ^ +25005—600 IE 
B.t.u. per pound - 14,400 (7 + 52,000^^ 5 -- 1100 W 


The only way to get the heating value of a fuel reliably and accurately 
is to determine it experimentally with a calorimeter. Such a calo¬ 
rimeter determination forms a part of the proximate analysis of a coal. 
Similar empirical formulas have also been established for com¬ 
puting the heating value of hydrocarbon combinations, either 
solid, liquid, or gaseous. It will not do simply to proceed on the 
Dulong principle and to multiply the percentages of C and H 
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contained by the heating value of these elements, for reasons 
pointed out above. For gaseous hydrocarbons like CHi, CjHj, 
C2H4, etc., the following empirical formula, due to Slaby, gives 
satisfactory results: 

Lower heating value — (112 + 18,880 y) B.t.u. per standard 
cubic foot, in which y = the weight of a standard cubic foot of the 
gas in pounds. Thus for CH.4, y = .04464, so that the heating 
value is 

(112 + 18,880 X .04464) = 952 B.t u. 

The heating value of commercial gases, like producer gas or 
illuminating gas, can of course be directly detennined from its 
percentage composition as soon as the heating value of the individ¬ 
ual combustible gases it contains is known. 

373. Buying Coal by Analysis. — The increasing u.se of coal 
analyses as a basis for determining coal values, and the growing 
practice of buying by analysis, make it desirable to indicate how 
business firms not fully equipped for the making of analy.scs may 
keep check on the quality of the coal they are buying or selling. As 
a general thing, coals coming from the same mine at different 
times, or even from different points of the same coal field, do not 
vary greatly in the compo.sition or value of their combustible 
portions. The variations arc in the ash and moisture content. 
By sending samples at intervals to some lalioratory, complete 
analyses of the coal may be obtained, which will give the nature 
and value of the combustible part of the coal. I'hen the firm may 
make, frequent checks, upon every large delivery, say, of ash and 
moisture. These latter determinations can be made by working 
with fairly large weights of samples, with no more elaborate ap¬ 
paratus than a fairly accurate bench scale, some tin pans, a drying 
oven, a thermometer, two or three Bunsen burners, and a few 
Hessian or porcelain crucibles, which equipment should not cost 
more than $20.00. 

274. Flue Gas Analysis and Combustion Calculations. — The 

gases analyzed in engineering work are those resulting from com¬ 
bustion, commonly called “flue gases.”* They consist of varying 

* For the analysis of producer gas, see the chapter on the testing of gas engines and 
producers. 



COMBUSTION AND FUELS 


S 13 

mixtures of nitrogen, oxygen, and carbon dioxide, with lesser 
amounts of carbon monoxide, hydrogen, water vapor, and sulphur 
dioxide. I’he analysis is useful as a basis from which to judge of 
the efficiency of combustion. 

The methods to be employed must be such as any engineer 
can fully comprehend, and the apparatus portable and convenient. 
The degree of accuracy sought need not be such as would be required 
in a chemical laboratory where every convenience for accurate work 
is to be found. Indeed, c onsidering the approximations to be made 
in its application, it is very doubtful if determinations nearer than 
one per cent in volume are required, or even of any value. Such 
determinations are obtained readily with simple instruments, and 
serve to show the approximate condition of the gaseous products of 
combustion. The student is referred to “ Handbook of Technical 
Gas Analysis,’' by Clemens Winkler (London, John Van Voorst), 
and to “ Methods of Gas Analysis,” by Dr. W. Hempel, translated 
by L. M. Dennis (Macmillan Company); also to a paper on tests 
of a hot-blast ap})aratus by J. C. Hoadley, Vol. VI, “Transactions 
of the American Society of Mechanical Engineers.” 

275. Sampling. The first step in the analysis is the obtaining 
of a representative sample. In the flues the mixture of the gases 
may be far from homogeneous. Hence the sampling apparatus 
must either firovide for mixing the gases before taking the sample 
at one point, or must take the sample at so many points, and points 
so distributed, as to get a fair average. Allowance should be made 
in the latter case for variation in the velocity of flow of gases in 
diflerent parts of the flue. It is easy to provide baffles to cause eddy 
currents in the flue, and so bring about a good mixing of the gases. 
Then a single sampling point near the center of the flue is sufficient. 

The simplest collecting arrangement is a |-inch pipe of such length 
as to reach nearly across the flue. This pipe is perforated with a 
number of small holes spaced along its length, the end of the pipe 
being plugged up. This scheme is very often used in practice, and 
where the mixture of the gases may be assumed to be fairly uniform 
it is probably satisfactory. It is open to the objection that probably 
a greater proportion of gas is drawn into the tube through the holes 
near the aspirator than through the openings farther away. 



S14 


EXPERIMENTAL ENGINEERING 


A more elaborate scheme (see “Trans. Am. Soc. Mech. Eng.,” 
Vol. VI) consists in running a number of collecting tubes, open 
amply at the end, to various parts of the flue and connecting all the 
outside ends of these tubes to a common mixing box into which an 
aspirator then draws the gas and from which the sample is taken. 
Even this scheme may not give a uniform mixture, because with 
the same suction on all the tubes, the shorter tubes will certainly 
supply more gas to the mixing box than the longer ones. 

The material for the collecting tube or tubes is preferably porce- 



Fig. 361.—Aswrator. 

lain or glass, but iron has no specially selective or absorptive action 
upon any of the gases, and iron pipe is therefore often employed. 
Use as little rubber tubing as possible. 

The gas should always be collected as closely as fwssible to the 
furnace, after combustion is sure to be as complete as it will become 
in the apparatus under test. At any distance away in the flue there 
IS apt to be dilution due to inleakage of air. If the sample must be 

taken some distance away, the flue must be examined for leakage 
and the leaks stopped. ° 

As the pressure to the flue is generally helow atmospheric, it is 
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necessary to have some form of aspirator to draw out the sample. 
The aspirator should either work continuously or should be worked 
for such a time before taking a sample as to secure a thorough flush¬ 
ing out of the system of piping used in the sampling device. 

The aspirating apparatus may take several different forms. The 
most common tyxje consists of two bottles with double outlets and 
connected as shown in Fig. 361. 

The operation of this apparatus is of course intermittent, and since 
the bottles are usually not very large, the time during which any 
given sample is taken is comparatively short, 
which means that many of them are neces¬ 
sary thoroughly to cover a test. 

A modification of the simple bottle aspi¬ 
rator by means of which it is possible to take 
a time sample is illustrated in Fig. 362. Two 
cans, E and S, are mounted as shown about 
the shaft V. In the position shown, E is 
connected with the sampling tube through 
the connections R, L, N. The water, with 
which E was originally filled to the top, is 
allowed to drain out of E into S through the 
connecting pipe M, the rate of transfer being 
controlled by the setting of the cock, 2. As 
the water recedes, E fills with gas. The water 
level is continuously indicated on the glass 
H. In the meantime the gas, which it is as¬ 
sumed was collected in 5 when this was in the 
top position, is displaced out of 5 through 
connection A and is either taken to the analyzing apparatus or 
wasted. When all the water is transferred, the position of the 
vessels is reversed and the apparatus is ready for a new sample. 
The cut is defective in that no stopcocks are indicated in the out¬ 
lets near the conical heads of the vessels. 

The transfer liquid used in collecting apparatus of the type de¬ 
scribed is usually water. It will be pointed out below that water 
has a certain influence upon the composition of flue gases with 
which it comes in contact, and it is consequently better to collect 



Fig. 362 . 
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without contact with water if possible. One method of doing this 
is indicated in Fig. 363. This apparatus consists of a glass sam¬ 
pling tube furnished with glass stopcocks. These tubes can be 
bought from any chemical dealer. At one end the tube is con- 


Kamplmg: Tubo 


Fig, 363. — AsmATiNG and Collecting Apparatus for Flue Gas. 

nected to the flue, at the other to a rubber aspirator bulb. By 
alternately squeezing and releasing this bulb, gas will be drawn into 
the tube. Enough must be drawn through to replace the air or 
old gas in the tube The proceeding is therefore rather laborious, 
but the sample obtained will not be disturbed bv contact with 
water. These tubes are also the best means 
of collecting and storing gas, if the analysis 
cannot be performed on the spot. The stop¬ 
cocks should be greased with vaseline from 
time to time, both to prevent their sticking 
and to make them gas-tight. 

To cut down the labor of fdling the tube 
with fresh gas, an ejector is a handy instru¬ 
ment, where water or steam of sufficient pres¬ 
sure to operate one is available. Fig. 364 
shows the construction and operation of one 
type. 

Water is a solvent for all of the flue gases. 
For oxygen and nitrogen, tap water is al- 
ready saturated; but it will absorb considerable quantities of CO2, 
CO, H2, and SO2. Hence it is necessary to draw a gas sample 
into the samphng bottle, shake liquid and gas .sample together, 
reject that sample, draw another, and repeat, until the water in 



Fig. 364. — Ejector for 
Aspiration of Gas 
Sample. 
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the sampling bottle is saturated with the particular gas mixture 
which is being sampled. It is desirable not to use new water 
each time in the sampling bottles, but to keep and use the same 
liquid over and over again. This reduces the possible error from 
failure to saturate the water with the gases. HjO vapor in the 
flue gas of course disappears partly at this stage of the sampling 
process. SO2 probably does the same, and it is unlikely that SO2 
would be found in the gas in the sampling bottle. If it were it 
would be shown in the subsequent analysis as CO2. 

The solubility of the gases in the collecting liquid may be limited. 
The scientific method is the collection of the gas sample over 
mercury instead of water. The addition of glycerine to the 
water gives a liquid in which the solubility of the gases is less 
than with water alone. The addition of a slight amount of 
some strong acid, as 112504, will keep CO2 from going into solu¬ 
tion. The collection of samples is made more ra})id, and analysis 
more accurate, by the addition of glycerine and H2SU4 to the 
sampling water. 

276. Analysis of Flue Gas. — The analysis ordinarily employed 
is volumetric. A definite portion of the sample, usually too c.c., 
is taken and submitted in turn to reagents capable of absorbing 
the various component gases. After each absorption the volume 
of the remaining gas is measured. The decrease of volume from 
the preceding measurement shows the volume percentage of the 
gas taken up by the last absorbent. 

The absorbents used, their order of use, and method of action, 
are as follow's: 

I. KOH (potassium hydroxide, caustic potash) in solution in 
water is used to absorb CO-. It will not absorb N2, O2, CO, or 
H2, but it will absorb SO2 if any be present in the sample. As 
large a surface of the KOH solution as possible should come in 
contact wnth the gases. Hence the gases .should either be made 
to bubble through the solution or the absorption bulb should be 
filled with glass beads or iron wire gauie, which will expose to 
the gases a large surface wet w'ith the KOH solution. The strength 
of the solution is ordinarily one part by weight of KOH to two 
parts of water. 
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2. Ojtygen may be absorbed by one or the other of two reagents. 
Neither of these reagents absorbs CO, N2, or Hj. They ar^j 
(o) an alkaline solution of pyrogallic acid; (b) phosphorus, (a) 
To make the pyrogallic acid solution, dissolve 5 grams of pyro¬ 
gallic acid in 15 c.c. of water, and 120 grams of KOH (stick form) in 
80 c.c. of water, and mix the two solutions. The alkaline solution 
so made will absorb CO2 or SOu; hence these must have been 
removed by the KOH solution before the absor]>tion and determina¬ 
tion of O2 is attempted. The use of the pyrogallic acid solution 
is similar to that of the KOH solution, save that it is advisable 
to protect the pyrogallic solution from light, (b) Phosphorus for 
oxygen absorption should be in stick form. It is kept under water. 
When the gas sample to be analyzed is taken into the phosphorus 
reagent bulb, it displaces this water; the O2 reacts with the P, 
forming white clouds of fumes of P2O5. These clouds .soon settle 
and dissolve in the water. The phosphorus bulb should be pro¬ 
tected against light. To form the phosphorus sticks, melt the 
phosphcyus under water in a beaker set in a water-bath. Heat 
very gently. After melting, take a glass tube having an internal 
diameter of the size of the sticks desired. Push this into the 
melted phosphorus. Place the finger over the upper end of the 
tube and quickly transfer the tube with the phosphorus it contains 
to a beaker containing cold water. If the tube has been cut off 
square at the lower end and is not of too large diameter, this 
operation can be carried out without any danger whatever. After 
cooling, push the stick out of the tube into cold water by means 
of a glass rod. The strict rule to be observed is that phosphorus 
should never be handled except under water or oil. I'he reagent 
tubes for the absorjition of oxygen must be so constructed that 
they remain air-tight. 

3. Carbon monoxide is absorbed in an ammoniacal copper 
chloride solution. The solution does not ab.sorb N2 or H2, but does 
absorb CO2, SO2 or O2. Hence it must follow the KOH and P 
(or pyrogallic acid) absorptions. This copper chloride solution 
is hard to make, does not keep well, and has a comparatively limited 
absorbing power. Hence the determination of CO is often omitted 
in ordinary flue gas analysis, although this is never advisable. 
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To make the solution, dissolve 10 ^ams of copper oxide (CuO) 
in 100 to 200 c.c. of concentrated hydrochloric acid (HCl), and 
allow the solution to stand in a stoppered flask filled with copper 
wire until it becomes colorless, that is, has become cuprous chloride. 
This clear solution is poured into a beaker containing i| to 2 liters 
of water. The cuprous chloride will be precipitated. Pour off 
the liquid above the precipitate, add 100 to 150 c.c. of distilled 
water, and add ammonia until the liquid takes a pale blue color. 
The .solution should be used fresh. It is preserved, and its capacity 
for CO increased, by immersing in it spirals of fine clean copper 
wire. 

4. Hydrogen may be absorbed and measured by {a) combustion; 
(b) by taking it up in palladium, (a) After removal of CO from 
the sample, H2 is the only combustible left. Hence an amount of 
air, about equal to the remaining gas sample, may be taken into 
the measuring tube, measured, and this new gas mixture may then 
be passed into a combustion tube where a succession of electrical 
sparks, or an electrically heated wire, will cause the burning of the 
hydrogen, with the oxygen of the air just added. The water formed 
has a relatively negligible volume; therefore remeasurement gives 
the volume of the hydrogen and oxygen consumed. As the volu¬ 
metric reaction is 2 Hj -f- O2 = 2 H2O, two-thirds of the volume 
diminution by the combustion is the volume of the hydrogen. 
(b) Palladium foil has the peculiar property of absorbing hydrogen 
gas in large amounts at ordinary temperatures, although it does 
not absorb other gases. The hydrogen may be driven out of the 
palladium b.y heat, and the palladium is then ready to use again. 
This method of absorbing hydrogen is more suited to commercial 
use than the combustion method. It requires, besides the ab¬ 
sorbing tube containing the palladium foil, a small alcohol lamp 
or other device for heating the palladium. 

5. Moisture (H2O vapor) in flue gases can be found by drawing 
the gases through a calcium chloride tube, obtaining the increase 
of weight of the tube, and comparing this weight of H2O with 
the weight of the gas drawn through, figured from volume and 
density. This measurement of H2O is rarely made, as it is possib-e 
to calculate the H2O from the analyses of the coal and of the flue 
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gases. If it is made it must of course be done before the gas ha 
come in. contact with water. 

277. Absorbing Power of the Reagents. — This is stated in cubi 
centimeters of the particular gas which one cubic centimeter of th 
reagent concerned will absorb. The following table, however, givt 
the cubic centimeter of gas that may be absorbed before the reagen 
ceases to act with a fair degree of rapidity. 


Gas to be 
Absorbetl 

Reagent. 

Absorbing Power. 

CO2 

KOH solution 

40 

O2 

1 Potassium pyrogallate 

2 25 

( Phosphorus , 

Practically unlimited if 
Iirotectcd properly. 

CO 

Ammoniacal copper chk> 


rifle solution 1 

i 

4 0 


The full absorbing power can be obtained approximately by mult 
plying the factors given by 4. 

278. General Forms of Flue Gas Analysis Apparatus and Metho 
of Operation. — The apparatus emplo}'ed for volumetric gas analysi 
consists of a measuring tube, in which the volume of gas can b 
drawn and accurately measured at a given pressure, and a treatin 
tube into which the gases are introduced and then brought in con 
tact with the various reagents already described. The apparatu 
employed may be divided into two classes: (i) those in which ther 
is but one treating tube, the different reagents being successive!; 
introduced into the same tube; (2) those in which there are as man; 
treating tubes as there are reagents to be employed, the reagent 
being used in a concentrated form, and the gases brought into con 
tact with the required reagent by passing them into the specia 
treating tube. 

In either case the steps are as explained in Article 276. (a) Ob 

tain 100 c.c. in the measuring tube; (&) transfer to CO2 treatinj 
tube and absorb CO2. Transfer back to measuring tube and not 
the reduction in volume. Repeat the operation until there is n< 
further reduction. If the reagent is in good shape, the absorptioi 
should be complete after two transfers. If the reduction is measurec 
in cubic centimeters, the reading is per cent CO2 direct, (c) Trans 
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fcr remainder of gas to treating tube for O2 and repeat the opera¬ 
tions under {b). The total reduction in volume will now be the 
sum of CO2 + O2. (d) Transfer to all the other reagent tubes in 

their proper succession in the same manner. 

The following form is convenient for the recording of data, and 
also shows the principal items of computation based upon the 
analysis. 
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In performing these various operations it is essential that the 
tubes be kept clean and that the reagents be kept entirely separate 
from one another. This is accomplished by washing or causing 
some water to pass up and down the tubes or pipettes several times 
after each operation. 

Flue gas analysis apparatus containing only one treating tube 
is not very often used at present. To this class belongs the Elliot 
apparatus described below. The other class, that having separate 
treating tubes for each gas to be absorbed, is exemplified by two 
main types, the Orsat and the Hempel. There are a number of 
modifications of the original Orsat apparatus, but the changes are 
only in details. The Hempel apparatus can be used for the analysis 
of any gas, while the Orsat is so arranged that the maximum 
reduction of volume that can be accurately read is about 21 or 
22 per cent, this being in any flue gas the maximum of the sum of 
CO2 + O2 + CO. 

Of all the apparatus mentioned, the Hempel is probably the most 
reliable and is the one generally employed by chemists in the labora¬ 
tory. Unfortunately it is bulky and cannot be easily arranged as 
a traveling set.* For this reason engineers generally prefer the 
Orsat, which when arranged in a traveling case does not need to 
occupy more space than 6 inches by 75 inches'by 24 inches, the latter 
dimension being the height. If carefully handled, this apparatus 
will give results which are satisfactory in most engineering work. 
As between the Hempel and the Orsat, the claim is made that cer¬ 
tain of the gases, particularly CO, will not absorb completely without 
active shaking together of reagent and gas. This procedure is of 
course not possible in the Orsat as commonly constructed. Objec¬ 
tion is also made to the volume of gas contained in the long capillary 
tubes usually used, which volume may be a considerable percentage 
of that really measured. 

279. Elliot’s Apparatus. — This is one of the most simple outfits 
for gas analysis, and consists of a treating tube AB and a measuring 
tube A'B', Fig. 365, connected by a capillary tube E at the top, in 

* Owing to the efforts of Prof. L. M. Dennis of the Dept, of Chemistry, Cornell 
University, the firm of Greiner und Friedrichs, Sturtzerbach i/Th. is now engaged in 
designing a traveling “Hempel,’* making smaller burettes and pipettes without 
serious loss of accuracy. 
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which is a stopcock G. The tubes shown in Fig. 365 are set in a frame¬ 
work having an upper and a lower shelf, on which the bottles L and 
K can be placed. In using the apparatus, it is first washed, which 
is done by filling the bottles with water, opening the stopcocks P 
and G, and alternately raising and lowering the bottles K and L. 
The bottles and tubes are then 
filled with clean distilled water, 
raised to the positions shown, 
and the stopcocks G and F are 
closed. The gas is then intro¬ 
duced by connecting the dis¬ 
charge from the aspirator to the 
stem of the three-way cock F, 
turning it so that its hollow 
stem is in connection with the 
interior of the tube AB‘, lower¬ 
ing the bottle L, the water will 
flow out from the tube A B and 
the gas will flow in. Wlien the 
tube .45 is full of gas the cock 
F is closed, the aspirator is dis¬ 
connected, and the gas is mea¬ 
sured in A'B'. The gas must 
be measured at atmospheric 
pressure. That may be done 
by holding the bottle K in such 
a position that the surface of the 
water in the bottle shall be at 
the same height as that in the 
tube. A distinct meniscus will 
be formed by the surface of the 
water in the tube; the reading must in each case be made to the bot¬ 
tom of the meniscus. To measure the gas, which will be considerably 
in excess of that needed, the cock G is opened, the bottle K depressed, 
the bottle L elevated; the gas will then pass over into the measuring 
tube A'B'] the bottle K is then held so that the surface of the water 
will be at the same level as in the measuring tube, and the bottle L 



Fig 365.- 


'Elliot Apparatus for Flue 
Gas Analysis. 
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manipulated until exactly loo c.c. are in the measuring tube; then 
the cock G is closed, the cock F opened, the bottle L raised, and the 
remaining gas wasted, causing a little water to flow out each lime to 
clean the connecting tubes. The measuring tube A 'B' is surrounded 
with a jacket of water to maintain the gas at the uniform tempera¬ 
ture of the room. After measuring the sample it is then run over 
into the treating tube AB, and the reagent introduced through the 
funnel above F by letting it drip very slowly into the tube AB. 
After there is no further absorption in the tube AB, the cock F is 
closed and the gas again passed over to the measuring tube A'B' 
and its loss of volume measured. This operation is repeated until 
all the reagents have been used; in each case when the gas is run 
back from the measuring tube, pass over a little water to wash out 
the connections; exercise great care that in manipulating the cocks 
F or G no gas be allowed to escape or air to enter. 

280. The Orsat Apparatus. — The arrangement of a complete 
Orsat is shown in Fig. 366.* The gas is drawn through k into the 
measuring tube a by manipulating the bottle, after the old gas 
has been driven out through k by raising the bottle. The gas is 
brought to atmospheric pressure first by drawing in a little gas in 
excess and closing the stopcock k. then by raising the bottle the 
gas is slightly compressed and the excess may be driven out by a 
quick turn of k. Repeat this until, with k closed, the water in 
the measuring tube will stand at zero when the levels in the tube a 
and in the displacement bottle are at the same height. The ap¬ 
paratus should then contain just 100 c.c. at atmospheric pressure, 
but if this volume includes everything up to the cock k, it will be 
seen that not all of the gas can at any time be transferred into 
the reagent tube b, for instance. This points out the nature of 
the error previously mentioned in connection with the capillary 
tube. The error is minimized as far as possible by having the 
liquid in the reagent tubes stand above the stopcocks up to marks 
put on the glass near the juncture with the horizontal capillary 
when the measmement of gas is made, either initially or at any 
time during the analysis. But this requires extremely careful 


* Heproduced from Hempers Gas Analysis, L. M. Dennis. 
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handling, otherwise some of the reagent from one tube is sure to 
be run into the next or into the measuring tube a. 

The method of operation has otherwise been explained, see 
Articles 276 and 278. h is the reagent tube for CO2, c that for 



Fig. 366.— Orsat Apparatus por Flue Gas Analysis. 

oxygen, d that for CO, and / the palladium asbestos tube for hy¬ 
drogen; g being an alcohol lamp for driving the hydrogen out of the 
palladium after the analysis. The tube / is rarely used in engineer¬ 
ing analyses. 

281. The Hempel Apparatus for Gas Analysis. — T his consists 
of (a) the measuring burette and (b) absorption pipettes of different 
forms fitted to the various reagents used. 
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(a) The measuring burette is showm in Fig. 367. It consists of 
a leveling tube a and a measuring tube b. Both are firmly fixed 
in cast-iron supports, as shown, and are connected across at the 
bottom by rubber tubing. The measuring tube b is furnished with 
stopcocks d and c, and the volume between them is made exactly 
100 C.C. The tube has a scale E, the smallest division of which 
is i c.c. The transfer liquid used is either mercury or water, 
usually the former. To fill the burette, open d and c and raise a until 



the liquid appears at e, then close d. Now connect to the source 
of gas supply, lower a and open d, when the gas will be drawn in. 
To measure the gas, either initially or at any time during an analysis 
after it is transferred to the burette, close d, and, bringing a and h 
together, raise or lower a until the two levels are at the same heights. 
This puts the gas in the tube under atmospheric pressure and 
determines the volume at that pressure. 

{b) These are of various forms, depending upon the nature of 
the reagent employed. Fig. 368 shows a form of simple absorption 
pipette which may be used for liquid reagents which do not 
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deteriorate on contact with air. A modified form is also made 
for use with solid reagents like phosphorus. Connection to the 
measuring burette for the transfer of gas is made to the tube c. 

The second form is a double pipette and is used for reagents 
like alkaline pyrogallol, etc., which soon spoil when kept in con¬ 
tact with air. f’ig 369 shows a form which can be used with both 
liquids and solids. Connection to the measuring burette is made 
at /. The filling of these double piipettes requires concise directions, 
and the reader is referred to Hempel-Dennis’ “Gas Analysis” for 



Fio 369 —HtMPLL Absorption PiPette, Double Form 

these as well as for the general manipulation of the apparatus. 
When ready the tubes k and e and the bulb a, Fig. 369, are filled 
with the reagent, the spaces b to f with a gas free from oxygen, 
c and g with water, and d with air. 

282. Automatic Flue Gas Analysis Apparatus: CO2 Recorders. — 
It has of late years become recognized that the efficiency of a 
furnace is largely a function of the percentage of COt carried by 
the flue gases. This has led to the invention of a number of CO2 
indicators and recorders designed to keep a check upon the per¬ 
centage of this gas. So far none of the apparatus developed has 
successfully attempted more than the determination of CO2. 
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There are two fundamental types of this apparatus: the indicating 
and the recording. A type example of each will be given, although 
there are a number of others on the market. 

Fig. 370 shows the Arndt econometer, which illustrates the indi¬ 
cating type. The gas from the boiler flue enters at the arrow 
marked accordingly and passes first an excelsior filter. After this it 
is passed through a cotton filter and then through a calcium chlo¬ 
ride tube to dry it. The indicating apparatus consists of a very 
delicate balance mounted in an iron case. The left arm of the 
balance supports a glass bulb, while the other carries a small scale 



pan in which fine shot is placed until the pointer shows zero on the 
scale, when no gas is going through the apparatus. Up into the 
bulb there is passed a slender glass bulb perforated at the top. 
The two bulbs are independent of each other and do not touch. 
The course of the gas as it rises in the small tube and escapes into 
the larger one is shown by arrows. From here it is drawn out by 
an ejector or other means through the horizontal tube shown at 
the bottom. CO2 is heavier than O2; consequently, when the 
composition of the gas in the large bulb changes from that of air to 
that of flue gas, the bulb gains weight by an amount proportional 
ta the increase in CO2. The pointer then moves over the scale 
to the right, showing a certain amount of CO2. 

A type of the second class is the Sarco CO2 recorder. Fig. 371. 
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This consists of an aspirator Q operated by water, wliich draws 
the gas into the apparatus and normally through pipes D, C, E, 
The mixture of water and gas is discharged into the vessel L, 
where a large part of the water is wasted through the overflow R. 
The rest flows through the tube H (the rate being adjusted by 
means of the cock S) into the vessel K. The construction of K 
is shown in section above. The water fills the upper compartment 
in K, tending to force the air in the latter through a connecting 
pipe into the lower compartment. This compartment is partly 
filled with a mixture of 1 part of glycerine to 2 parts of water. The 
air pressure generated forces the fluid out of the lower compart¬ 
ment, causing it to rise into the tubes C and D. As soon as the 
lower openings in C and D are closed off, gas can no longer pass 
through tube E, and for the time being the aspirator draws the 
gas past the seal F, A part of the gas 
sample trapped in the apparatus is forced 
out through the central tube just above C, 
against the slight resistance of the elastic 
bag P, by the ri.sing liquid, but at the 
instant the latter reaches the mouth of the 
central tube the gas is completely confined. 

The design is such that just 100 c.c. of 
the gas are retained each time. The fur¬ 
ther rise of the liquid in C next forces the 
gas through Z over into the reagent bulb 
A, filled with KOH solution, where the 
CO2 is absorbed. The caustic solution is 
forced over into B. The upper end of B 
is closed by a bell N, which floats in a 
glycerine seal. Central in B there is lo¬ 
cated a very fine tube which maintains 
communication with the atmo.sphere as 
long as the caustic solution has not risen 
far enough to seal its lower end. At 
the instant this happens, the air trapped 
in B will start to raise the bell N. The latter operates the pencil 
gear XMY, drawing a vertical line on paper, which is moved by 



Fig. 371. — Sarco CX)2 
Recordfr. 
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the clockwork 0 . In every case the pencil will not start to 
operate until the lower end of the central tube in B is sealed. 
The amount of rise of the bell after that depends upon the amount 
of gas absorbed in A. If a large amount of CO2 be present, 
the bell will not rise so far and the pencil line will be short; if the 
amount of COj be less, the pencil will travel farther. In any 
case the travel is proportional to the amount of CO2 absorbed. 
While this operation is going on in the treating bulb, the upper 
compartment of K has been filled with water and the latter starts 
to rise in G. This tube is a siphon which starts to operate as soon 
as the water reaches the top and will empty K very rapidly, allow¬ 
ing the displacement liquid to return to the lower compartment of 
K. A new sample of gas is then drawn in. 

283. Assumptions and Accuracy of Flue Gas Analyses. — The 
analysis is called volumetric, although it is practically based upon 
the determination of partial pressures. When a number of gases 
are found together in a limited space, they are each uniformly dis¬ 
tributed in that space. Each gas occupies the total volume at its 
own particular partial pressure. The total pressure exerted is the 
sum of all of the partial pressures. When one of the gases is ab¬ 
sorbed, as in the analyses, and the remaining gases are compressed 
until the total pressure is again the same as it was before the absorp¬ 
tion, a volume decrease is found; and, provided the temperature 
has been maintained constant and that the gases follow, with suffi¬ 
cient closeness, the law pv = constant for isothermal compression, 
the volume decrease observed will correctly represent the amoimt 
of gas which was absorbed. Within the degree of accuracy of other 
factors concerned in engineering gas analysis, the conditions above 
stated may be easily met, for the gases follow the law stated above 
closely enough and the temperature may be kept practically con¬ 
stant by surroimding the measuring tube of the apparatus with a 
water jacket. 

A slight theoretical error is introduced into the analysis where the 
measurement of the change of volumes is made over water, on 
account of the fact that the gases will be saturated with water vapor. 
It can, however, be shown that the error thus made is negligible in 
flue gas analysis. 
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The real errors in the analysis are the following: 

(1) Errors in getting a truly average sample. 

(2) Failure to saturate the liquid in the sampling bottles and 
apparatus to equilibrium with the gas sample. 

(3) Using reagents too long, so that they become weak and do not 
give complete absorption in reasonable time. 

(4) Bad design of apparatus, not giving sufficient contact between 
reagent and gas. 

(5) Attempts to force the rapidity of analysis. 

Of the above items, (i) and (4) can be reduced to a minimum by 
sufficient care, although with regard to (4) the claim is made that 
complete CO absorption will not take place when the gases are 
simply in contact with the reagent and that shaking is necessary. 
Under (5) it should be noted that the gas should be driven over to 
the reagent tubes at least twice for every absorption, partly at least 
to account for the gas released from solution in the water of the 
measuring tube and partly to make sure that the absoqjtion of the 
particular gas is complete. 

Errors in the application of the flue gas analysis to engineering 
calculations also arise from the making of incomplete analyses. As 
already stated, there is a prevalent belief (hat it is sufficient to de¬ 
termine simply CO2 and O2. It is perhaps true that this is sufficient 
in the majority of cases. It is nevertheless advocated that the CO 
determination be also made in every case. The H2 determination 
is of less importance. With respect to the CO determination, care 
should be taken to see that the O2 absorption is complete, for the 
CO reagent vrill take up O2, which will be charged up as CO if the Oa 
was not previously completely removed. 

284. Losses in Commercial Combustion. The Computation of 
the Flue Loss. — The losses in combustion taking place in the ordi¬ 
nary furnace may be tabulated as follows: 

(1) Incomplete combustion 

(а) due to imconsumed fuel rejected with the ashes in the refuse, 

(б) due to unconsumed C, CO, H2, and CnH2„ in the flue gases. 

Unconsumed C forms smoke. 

(2) Losses in sensible heat of the flue gases, apart from the loss in 
moisture. 
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(3) Loss due to moisture in the flue gases. 

(4) Radiation and convection loss from the furnace. 

(5) Radiation and convection loss from the boiler or other heat 
consumer. 

These losses will be discussed at greater length in what follows, 
and methods of computing them will be developed where possible. 

Loss under (la). Unconsumed fuel in the refuse can be found 
from the weight of fuel fired and the true ash content of the fuel as 
determined in the laboratory. In general, the excess weight of the 
refuse over what should be the weight of true ash is not identical in 
quality with the original fuel fired. With coal, the excess weight is 
practically carbon, all volatile matter having been expelled by the 
high temperature. There are exceptions to this general rule in that 
in some cases a grate of bad design may waste a considerable part 
of the original fuel. In such a case it may be necessary to determine 
the actual heat content of the refuse in a calorimeter to accurately 
find the heat loss due to fuel in refuse. In accurate efficiency com¬ 
putations it may be best to use that method in any case. But where 
the accuracy of the refuse determination can be depended upon, the 
computation of the heat loss may be made according to the following 
formula: 

Heat loss due to fuel in refuse per pound of fuel fired 

= 14,540 (per cent of refuse — per cent of true ash) B.t.u. 

Losses under (ih), (2), and (3). The loss due to carbon (smoke) 
in the flue gases is in itself negligible even for the densest smoke, 
although far more evident to the eye than the other losses. Smoke 
results from the improper management of the combustion of the 
hydrocarbons. The presence of smoke means either (a) insufficient 
supply of air at the point where the hydrocarbons (volatile matter of 
coal, for instance) are burning, or (b) a temperature below the kin¬ 
dling temperature at the point where the air and the hydrocarbons 
meet and mix. Smokeless combustion therefore requires (a) a suffi¬ 
cient supply of air above the fuel bed to take care of the volatile 
hydrocarbons, and (b) sufficient size and proper arrangement of com¬ 
bustion chamber so that the combustion of the hydrocarbons may be 
complete before the products of combustion meet with any cooling 
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surface, such as boiler tubes. Too great a supply of air above the 
fuel bed will, however, reduce the temperature of the products of 
combustion below the kindling point. Smokeless combustion is 
consequently a nice problem of adjustment of design and operation 
of the furnace with respect to the qualities of the fuel. 

Smoke is an indicator of incomplete combustion, but the amount 
of heat lost is given very closely by the amounts of CO and H2 
found in the flue gas. Smoke measurement (see Article 287) in 
itself is of no definite value. In any case, its value can only be 
relative, and the same amount of smoke from different furnaces 
does not correspond to the same heat losses in the gas. 

The computation of the heat losses under {ib), (2), and (3) re¬ 
quires a knowledge of the amount of the flue gases produced. This 
can be found from the amount and analysis of the fuel, the amount 
and analysis of the refuse, and the analysis of the flue ga.ses. In 
the following com])utations it will be assumed that the fuel is coal. 
For the time being the water vapor present in the flue gas originat¬ 
ing from the “moisture ” in the coal and from “humidity ” in the 
air used for combustion will be neglected, and only the vapor 
resulting from the actual combustion of hydrogen in the fuel will 
be considered. 

The analysis as made of the flue gas does not check with the 
actual composition of the gas in the flue on account of changes 
made in the w'ater vapor content inherent in our method of col¬ 
lecting and analyzing the gas. The gas in the flue carries an amount 
of water vapor which may or may not be sufficient to saturate 
the gas at flue temperature. Collecting the gas in the ordinary 
way is likely to affect the water vapor content and again the gas 
may or may not be saturated at the end of the collecting operation, 
depending, however, largely upon whether mercury or water is used 
as the displacement liquid. In the analysis, however, the gas 
comes in contact with water and Ihe assumption is fair that the gas 
is saturated with water vapor while being analyzed. This means that 
as CO2 is absorbed a certain proportional quantity of water vapor 
will also disappear and be accounted for as CO2, and similarly for 
the O2 and CO absorptions. It was stated in Article 283, however, 
that the error thus made is insignificant and to all intents and pur- 
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poses we may assume that the results of the flue gas analysis as ordi¬ 
narily made are those for dry gas. 

Of course the combustion of hydrogen in the furnace required 
a certain amount of oxygen out of the total contained in the air 
supplied. From the statements above made it will be clear that 
the flue gas analysis does not account for this, and is, therefore, 
not a sufficient basis upon which to compute flue gas volumes or 
weights per unit weight of fuel. 

To obtain losses under (i b), (2), and (3) the simplest way is to 
immediately convert the volume relations as given by the flue gas 
analysis for the dry gas to weight relations. 

Let O2, CO2, CO, Hz. and N* represent the volume percentages 
(expressed as whole numbers, see example following) of the corre¬ 
sponding gases as found by the analysis. To reduce to a weight 
basis, multiply each one of these percentages by the corresponding 
density. This would not be a simple operation, since the densities 
are a function of temperature, if it were not for the fact that wc can 
at once get to a relative weight ba.sis by simply multiplying the 
volume percentage of each gas by the molecular weight of the gas, 
since densities of all perfect gases must be in proportion to their 
molecular weight. 

The relative weights concerned are then; 

32 O2, 44 CO2, 28 CO, 2 Hz, and 28 N2. 

Now the chemical analysis of the coal shows how much carbon 
and hydrogen are available per pound of fuel fired. The carbon is 
not all burned on account of the loss in refuse (neglecting smoke); 
the hydrogen may not be all burned, in which case H2 will appear 
in the flue gases. 

Let c represent the weight of carbon actually burned (after 
deducting the loss in refuse) per pound of fuel fired. From the 
combustion formulas 

I lb. C2 + 2.66 lbs. O2 = 3.66 lbs. CO2 
and 1 lb. C2 + 1.33 lbs. O2 == 2.33 lbs. CO 

it will be seen that i pound of CO2 carries 1/3.66 pounds C2, and 
that I pound CO carries 1/2.33 pounds C2. 
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The weight c of carbon burned may then be accounted for by 
the relation 

V 3.66 2.33 / 

where 44 CO2 and 28 CO represent the relative weights of these 
particular gases in the flue gas and « is a factor to be determined. 

Having found n, the real weights of the various gases per pound 
of fuel fired may then be found from the relations: 

Weight of free oxygen = k • 32 O2 pounds. 

Weight of carbon dioxide =* «• 44 C02 pounds. 

Weight of carbon monoxide = « • 28 CO pounds. 

Weight of nitrogen = « • 28 N2 pounds. 


The weight of available hydrogen not burned is similarly equal 
to H • 2 H2. Subtract this from the total hydrogen shown as avail¬ 
able by the chemical analysis of the fuel and let h be the weight 
of hydrogen actually burned per pound of fuel. Then combustion 
will produce a weight of water vapor equal to 9 h pounds. 

I'he other two sources of water vapor may next be accounted 
for. The weight resulting per pound of fuel from the moisture in 
the fuel is given by the chemical or the proximate analysis. The 
third source is from humidity in air. This can be determined as 
follows: The weight of nitrogen above computed is practically 
that supplied by the total air used. Hence, since nitrogen is 77 per 


cent by weight of air, the total air supplied is 


w • 28 N2 
•77 


pounds per 


pound of fuel. The water vapor carried in by the air per pound of 
fuel can next be found from hygrometer readings and humidity 
tables. See Chap. XXIII. 

This determines the weight of all the individual gases making 
up the composite flue gas resulting from the combustion of one 
pound of the fuel under given conditions. We are next ready to 
compute the heat losses under (ib), (2), and (3). 

(lb) Incomplete combustion of carbon (C2) (smoke) may be 
neglected, as stated. 

Incomplete combustion of carbon monoxide (CO). Each pound 
of CO that might have been burned to CO2 represents a loss of 
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4380 B.t.u. Hence the loss per pound of coal is 4380 (»• 28 CO) 
B.t.u. 

Incomplete combustion of hydrogen (H2). Each pound of H2 
in the flue gas represents a net loss of (52,150 -4.09 // + 9 tr)* B.t.u., 
where tf equals temperature of flue. Hence the loss per pound of 
coal is (52,150 — 4.09 </ + 9 ti) («* 2 H2) B.t.u. 

(2) Losses in sensible heat. For oxygen, nitrogen, carbon dioxide, 
carbon monoxide, and hydrogen, the loss in sensible heat is in every 
case 

(Wt. of gas per lb. of coal) X (mean sp. heat) X itf — L), 

where tj — flue temp., and Ir = room temp. For specific heats see 
Art. 253, p. 468, or Chap. XXT. 

(3) The losses of heat due to moisture in the flue gases depend 
upon the source of the moisture. Each pound of moisture formed 
by the combustion of hydrogen and each pound brought in as 
“ moisture ” in coal carries with it 

(1090.7 4 - .455 h ~ h) B.t.u.f 

The moisture which enters the furnace as ^'humidity in air carries 
with it only the heat required to superheat it to the temperalure /y, 
amounting to approximately .46 {tf — /,) per pomid of moisture. 

Losses under (4) and (5). These losses are rarely susceptible of 
direct determination and are usually determined together by dif¬ 
ference between the other uses and losses of heat that can be ac¬ 
counted for and the total heat per pound of the fuel. 

Example, — The coal analyses as follows: 

C, 76 per cent; H, 5 per cent; O 4- N + S, 9 per cent; ash, 6 per cent; H3O, 
4 per cent. 

Heating value, 14,000 B.t.u. per pound. 

Ash determined on test, 8 per cent of coal fired. 

* This expression is derived as follows: 

The loss per pound of Hz not burned would be 61,950 B.t.u. 

If this hydrogen had burned to water vapor, the loss would have been 9 (1090.7-f 
•455 tf - tr) B.t.u. per pound of hydrogen, which represents the heat carried away in 
water vapor. 

The net loss per pound of H2 therefore is: 

61,950 - 9 (1090.7 + .455 tf^tf)^ (S 2 ,i 5 <> - 4-09 + 9 W B.tu. 

t See Art. 252. 
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Temperature of flue, 525°; room, ya'". 

Humidity of air, 60 per cent* 

Flue gas analysis, O2,10 per cent; CO2, 8 per cent; CO, .5 per cent; Ns (by 
difference), 81.5 i)er cent; Hj not determined. 

(1) Relative weights; 

For 02=^ 32 X 10; C02==44X8; CO == 28 X.5; 28X81.5. 

(2) Carbon burned ; 

Carbon lost in refuse = .08 — .06 == .02 pound per pound of coal. 

Carbon burned = .76 — .02 » .74 pound per pound of coal. 

(3) Value of /44X 8.28X.5\ 

.74=^ »l - - - 4 -- - I- 
\ 3-66 2.33 / 

n- .0072. 

(4) Weight of the various products of combustion except moisture per 
pound of coal: 

Oxygen « .0072 X 32 X 10= 2,31 pound.s. 

Carbon dioxide*= .0072 X 44X 8= 2.54 pounds. 

Carbon monoxide == ,0072 X 28 x .5 - .10 pound. 

Nitrogen - .0072X 28X 81.5- 16.40 pounds. 

Unburned hydrogen — assumed zero. 

(5) Weights of water vapor per pound of coal: 

{a) From the combustion of hydrogen in the coal - 9 X .05 «= .45 lb. 
( 5 ) From moisture in the coal - .04 lb. 

(c) Brought in by air: 

Air supplied - 21,3 lbs. 

77 

At temperature of 72 degrees and humidity of 60 per cent, weight of 
water vapor carried = .01 pound per pound of air. Hence water 
vapor ns humidity - .21 pound. 

(6) Heat losses: 

{a) From carbon in refuse == 14,540 (.08 — .06) - 292 B.t.u. 

(b) Due to incomplete combustion of CO - 4380 X .10 ~ 438 B.t.u. 

(c) Due to sensible heat in: 

Oi - 2.31 X .220 X (525 - 72) = 231 B.t.u. 

C02= 2.54 X .222 X (525 - 72) =- 256 B.t.u. 

CO^ .loX .240 X (52572) == II B.t.u. 

N2 * 16.40 X .249 X (525 - 72) =- B.t.u. 

2347 B.t.u. 

((f) Due to water vapor: 

From combustion of hydrogen and moisture in fuel 
= (.45 + .04) (1090.7 4 - .455 X 525 ” 72) = 616 B.t.u. 

In humidity * .21 X .46 (525 ~ 72) - 44 B.t.u. 

(7) Percentage of losses: 

Heating value of coal 14,000 B.t.u. per pound. 
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B.l.u, 

Per cent* 

In refuse . 


2.08 

Incomplete combustion , 

. 438 

3-13 

Sensible heat of gases .. 

.2347 

16.78 

Heat in water vapor ... 

. 660 

4.72 

Total loss in flue gas alone 

= 3.13-1-16.78-f- 4.72 

= 24.63 per 


the heat m the coal. 

285. Errors in the Flue Gas Calculations as Above Carried Out.— 

(1) Unbunied hydrogen in the gases was neglected. This can 
usually be done without sensible error, as the occurrence of H2 in 
the flue gases in any considerable quantity is not likely. 

(2) Loss of carbon in smoke was neglected. This also is a neg¬ 
ligible error. 

(3) Sulphur in the coal was neglected. A close enough correction 
for this is to use (c -t- 5) in place of c in the formulas above. SO* will 
be indicated as CO* in the analysis. 

(4) Nitrogen in the coal was neglected. No appreciable error can 
arise from this, as the amount of nitrogen supplied in the air is .so 
much greater in amount. 

(5) Oxygen in the coal w’as neglected. It may exist as oxygen 
of nitrates, carbonates, or carbohydrates. The oxygen of nitrates 
and carbonates is all that will be found in anthracites and most bitu¬ 
minous coals. It is not available for combustion. N2O6 from the 
nitrates will occur in the flue gases, but it will be absorbed in the 
water of the sampling bottles and will not show in the analyses. 
COj from carbonates will be shown in the gas analysis. The amount 
of CO2 from this source is almost always negligibly small as com¬ 
pared with the amount from combustion of carbon. With lignites 
the o.vygen from carbohydrates may be said, in a way, to be avail¬ 
able for combustion; but it will be small in amount as compared 
with the oxygen supplied in air. 

286. The Excess or Dilution Coefficient. — This coefficient is 
usually defined as the ratio of the weight or volume of air which was 
actually supplied to a furnace for the combustion of one pound of 
the fuel as fired to the weight or volume of air which is in theory 
required to bum one pound of the fuel completely. The ratio is 
often used in flue gas computations and several formulas are usually 
given for it. They are sometimes seriously in error in that they 
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neglect the oxygen bound by the combustion of hydrogen in the 
fuel which is not accounted for in the flue gas analysis, as was above 
pointed out. 

The simplest method of deriving the formula for this coefficient 
is as follows: 

In the flue gas analysis, O2 (free oxygen) is evidently the oxygen 
brought into the furnace by the excess air. The nitrogen which 
was a part of this excess air is, then, H O2 

Now the N2 shown by the analysis is practically all due to the 
total air entering the furnace, hence N2 — Jr O2 represents the 
nitrogen which was a part of the air that was used for combustion. 
From the definition of excess coefficient we will then have 


X = 


N2 

N2- n 02’ 


(I) 


since in each case the amount of nitrogen can serve as a measure of 
the amount of air of which it was a part. 

Form ( 1 ) is in very common use, but must be modified as follows 
as soon as the gas contains CO. 



Still another form given by some writers is derived as follows: 
Let 1 / = volume of air supplied to furnace per pound of fuel. 
Let L" = volume of air theoretically needed for complete com¬ 
bustion of one pound of the fuel. 

V =: I"- = ^ O-/ + 0 / ^ 0/ 

L" 02" +N," (V'+ifCz'' O2"' 


Now if, as before, O2 represents the free oxygen found by the 
analysis, then 

O2 = 02^ — ^2^^, or O2" = 02^ ~ O2. 

Hence ^ O2' 

O2' - O2 



(III) 


since the oxygen in the original air must have been 21 per cent by 
volume. 
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To compare these formulas with one another, take the gas analysis 
of the previous example. 'I'he results will be: 

X t Tr Sr.f? 


Formula 1 , X = -—-1.86. 

81.5 - i! .10 


Formula II, X 


Formula III, X 


^-^10 —“ 
21 \ 2 


= 1.81. 


21 — JO 


The air required in theory by the coal of the above example is: 

For carbon = (.76 — .02) = 8.57 lbs. 

•23 

g 

For hydrogen = .05 X — = 1.74 lbs. 

* 23 

Total, 10.31 lbs. 

It was computed under (5), p. 537 above, that the air supplied per 
pound of fuel was 21.3 pounds. Hence, the true excess coeffi¬ 
cient is 

2.07. 


This result shows how the neglect to account for oxygen used 
in combustion of hydrogen may seriously affect the heat loss com¬ 
putation in flue gas if the approximate formulas are used. Of 
course the smaller the percentage of hydrogen in the fuel, the 
smaller the discrepancy, and for some hard coals the difference 
may be negligible. 

In flue gas computations the coefficient X is used to determine 
the extra air supplied after the theoretical amount of air necessary 
per pound of fuel is found by computation based in the u.sual way 
on the chemical analysis of the coal. It is recommended, however, 
that the method of computing outlined in Article 284 be used be¬ 
cause it Is of general applicability and is not subject to error con¬ 
cerning the amount of oxygen used in the combustion of hydrogen. 

287. Smoke Determinations. — These may be either qmntita- 
tive or relative. 

Quantitative determinations are not often made, as the method 
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is too elaborate for ordinary testing. The actual weight of un¬ 
burned C in the flue gases is found by drawing through a fine filter, 
which retains all of the finely divided carbon, a volume of gas which 
must be measured. The amount of carbon collected is then usually 
found by some combustion process in the chemical laboratory. 


There are a number of methods of deter- ,- - 

mining smoke relatively. The one probably I 
most used in this country is that devised by 
Ringelmann. This method uses the fact that 
if a network of black lines of varying thick¬ 
ness but equal distances apart is drawn on 
a white ground, the chart will assume to the 
eye an even gray tone when placed at a dis¬ 
tance of 45-60 feet from the observer. The 
depth of the color depends upon the thick¬ 
ness of the lines, and this scheme not only 
gives a method of obtaining a series of gray 
colors but also allows of their exact duplica¬ 
tion in different localities, thus establishing 
in a sense a standard. 

To construct the Ringelmann chart, take 
a strip of white cardboard and lay out on 
it six squares in a row, each 100 X 100 milli¬ 
meters. Divide each square, except the one 
at the left, into smaller squares. ITie thick- |)j| [ljt|1i||' t t tt| j| 
ness of the cross lines in squares I to IV 
inclusive should be according to the sched- ^ 

ule following, square V being solid black; i;:::::::::::;:::;: 




Sfiuare or Color 
Number. 

Thickoeas of Line, 
mm. 

Distance in the 
Clear between 
Lines, mm. 

0 

No lines, 
clear white 
field 


I 

I 0 

9 0 

II 

2.3 

7-7 

III 

3-7 

6.3 

IV 

5-5 

4.5 

V 

Solid black 



372. Ringelmann Smoke Csaet, 
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During a test, place this chart at a distance of 45 6o feet from 
the observer in such a manner that the latter can also observe 


the smoke at the same time. Take readings, say every five minutes, 
and continue for one minute, taking as many readings as possible 
in that time. Estimate with which one of the color series the smoke 
matches and record the number. Use the average of the numbers 
as the smoke number for that particular minute. 

It must be apparent that the results obtained by this method 
will dqjend very largely upon the observer, and it is quite likely 



that any two observers, work¬ 
ing independently, will get vxry 
different results. I'his has been 
recognized and several instru¬ 
ments have been tlevised to 
overcome the difficulties in¬ 
volved. Among them may be 
mentioned the Dosch smoke 
observer. Fig. 372a. This con¬ 
sists of a tube AB with a branch 
tube Rz. 77 is a circular piece 
of glass, pivoted at JS, which 
has been divided into a number 
of sectors, usually six. The 
sectors are colored, varying 
from white to black. E is a 


source of illumination with a reflector G. The light coming from 
D is thrown upon the mirror C, which at the center has a cir¬ 
cular opening O. The end A of the tube AB having been placed 
to the eye and the tube directed at the smtike to be observed, E is 
turned until the light coming from D, and reflected in C, blends with 
the color in the opening O. The number can then be read directly 
by noting the position of D. This instrument gives quick readings 
and is much more reliable than the Ringelmann chart. 



CHAPTER XIV. 


METHODS OF DETERMINING THE AMOUNT OF MOISTURE 

IN STEAM. 

288. Meaning of the Term “ Quality of Steam.” — Steam at any 
given pressure may show any one of three conditions of quality: it 
may be wet saturated, dry saturated, or superheated. The quantity 
of licat contained in each |X)und of steam will vary with each change 
in quality at the given pressure. The heat of the liquid, q (see Art. 
179), is common to the steam under all three conditions. Next, if 
the liquid is completely converted into vapor at the given pressure, 
it will render latent the quantity of heat r (see Art. 179), and the 
resulting steam is said to have a quality equal to 1.0. The steam 
is then said to be in tlie dry saturated (audition. Assuming, however, 
that not all of the licjuid be converted into vapor, but that at the 
end of the process only per cent of the liquid has been vaporized, 
then the total heat in unit weight of such steam will be 

= (.vr + q) B.t.u.. 

and the steam is said to be in the wet saturated condition, often 
tailed simply wt steam. The percentage x is then said to be the 
quality of steam, and it expresses practically the ratio between 
the latent heat that the sample of steam actually contains and the 
latent heat that it should contain if it were dry saturated. The 
fraction of w’ater remaining (1 — x) is assumed to be mechanically 
distributed in the dry steam and carried along with it. To attain the 
sujjcrheated condition, the heat supply to the steam is not inteiTupled 
after all the liquid is vafwrized (see Art. 179). I'he result is an in¬ 
crease in the temperature of the steam, and if the heating is done at 
constant j)ressurc (usual case) and the temj>erature of the steam at 
the end of the process is T°, while the saturation temperature for the 
pressure is 7 ’,°, so that T.^ — 2 \ — D, the total heat in steam will 
then be 4 ^ + CpD) B.t.u., 

in which Cp is the mean specific heat in the range Ti to T^. 
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Now from the above definitions of quality for wet and dry satu¬ 
rated steam it appears that quality may be expressed as the quotient 
of the heat remaining in a given weight of steam after the heat of 
the liquid is subtracted from the total, divided by the latent heat r 
at the given pressure. Following out the analogy in the case of 
superheated steam, we then will have 

i-i f + CpD 
Quality X — -• 

This expression is of course always greater than i.o. The result, 
however, is meaningless unless the pressure is stated at the same 
time, and in commercial practice it is usual to transpose it to degrees 
of superheat D, thus: 



289. Importance of Quality Determinations.—The importance of 
correctly determining the quality of steam is great, because the per¬ 
centage of water carried over in the steam in the form of vapor or 
drops of water may be large, and this water is an inert (quantity so 
far as its power of doing work is concerned, even if not a positive 
detriment to the engine. Any tests for the efficiency of engine or 
boiler not accompanied with determinations of the amount of water 
carried over in the steam would be defective in essential particulars, 
and might lead to erroneous results. 

On the other hand, the greatest precautions should always be 
taken to insure an average sample of steam for quality determina¬ 
tion. Carelessness in this respect may easily lead to errors larger 
than would be the case if the quality determination had been omitted 
altogether. 

290. Methods of Determining the Quality. — The methods of 
measuring the amount of moisture contained in steam may be 
considered under three heads: first. Calorimetry proper, in which 
the method is based on some process of comparing the heat actually 
existing in a pound of the sample with that known to exist in a 
pound of dry and saturated steam at the same pressure; second. 
Mechanical Separation of the water from the steam, involving the 
processes of separation and of weighing; third. Chemical Methods, in 
which case a soluble salt is introduced into the water of the boiler. 
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All methods for determining the quality of steam are included 
under the head of calorimetry, and instruments for determining the 
quality are termed calorimeters. 

291. Classification of Calorimeters. — The following classification 
of different forms of calorimeters is convenient and comprehensive: 


rCondensing.. 


Jet.. 


Barrel or Tank. 
iContinuons. 


Surface. (Hoadley Calorimeter. 

\Barrus — Continuous. 


(Calorimeters,. 


<Sujx'rhcating .. 


^External — Barrus Superheating. 
Internal — Peabody Throttling. 
^Electric Superheating — Thomas. 


I Directly determining moisture.I Separator, 

IChemical. 

Universal or Combination.Ellyson. 


In what follows, the construction and method of use of a repre¬ 
sentative type of each kind of calorimeter will be briefly discussed, 
and errors will be {X)inted out wherever their possible occurrence is 
likely to affect the results seriously. 

292. Use of Steam-tables. — In reducing calorimetric experiments 
steam-tables will be required. The explanation of the terms used 
will be found in Article 180, page 335, and tables will be found in 
the Appendix of this book. 

Students will please notice that the pressures referred to in the 
steam-tables are absolute not gauge pressures, and that gauge 
pressures must be reduced to absolute pressures by adding the 
barometer reading reduced to ix)unds per square inch, before using 
the tables. 

The following symbols will be employed to represent the different 
j)ropcrties of steam: 


TABU, OF SYMBOLS. 


Properties of Steam. 

Symbol. 

Properties of Steam 

Symbol. 

PrcH^sure, pounds per sq. in. , . 

P 

Total heat, B.t.u. 

KotH 

Pressure, fiounds |ier ft.. * 

P 

Weight of cu.ft.of steam, lbs. 

d 

Temperature, degrees Fahr. 

i 

Vol. of I lb. steam, cu. ft.. 

V 

Temperature, absolute. 

T 

Vol. of I lb, water, cu, ft. . 

<r 

Heat of the litjuid. 

q or S 

(^hange in volume v — a. . . 

U 

Internal latent heat . 

p or I 

Quality of steam . 

X 

External latent heat . 

APuoxE 

Per cent of moisture . 

1 - X 

Total latent heat . 

r Of L 

IVgree of Superheat . 

D 
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293. Method of Obtainiog a Sample of Steam. — It has already 
been pointed out that the obtaining of a representative sample of 
steam is of the utmost importance in steam calorimetry. It is 
usually necessary to so arrange the apparatus that only a small 
percentage of the total steam passing can be examined in a calo¬ 
rimeter. Unfortunately there are certain practical conditions which 
make the taking of an average saraj)le anything but certain. 

From experiments made by the author, it is quite certain that 
the quality varies greatly in different portions of the same pipe, and 
that it differs more in horizontal than in vertical pipes. Steam 
drawn from the surface of the pipe is likely to contain more than the 
average amount of moisture; that from the center of the pif)e to 
contain less. Perhaps the best method for obtaining a sample of 
steam is to cut a long-threaded nipple into wliicli a scries of holes 




Fig. 374. 


is drilled, and screw this well into the pipe. Half-inch pipe is gener¬ 
ally used for calorimeter connections, and it may be screwed into the 
main pipe one-half or three-quarters of the distance to the center, 
with the end left oj)en and without side jierforations, as shown 
in Fig. 373, or screwed three-quarters of the distance across the 
jiipe, a series of holes drilled through the sides, and the end leftojX'n 
or stopped, as shown in Fig. 374. A lock nut on the ni[)ple, which 
can be screwed against the pipe when the nipple is in place, will 
serve to make a tight joint. The best form of nipple is not definitely 
determined, although many experiments have been made for this 
purpose; a form extending nearly across the pijie and provided with 
a slit or with numerous holes is probably preferable. When the 
current of steam is ascending in a vertical pipe, the water seems to 
be more imiformly mixed than when descending in a vertical pipe 
or when moving in a horizontal one. There is, however, consider- 
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able variation for this condition, especially if the steam contains 
more than 3 per cent of water. 

294* Method of Inserting Thermometers. — In the nsc of calorim¬ 
eters it is frequently necessary to insert thermometers into the 
steam in order to correctly measure the temperature, 
a matter scarcely less important than the proper taking 
of the sam]>lc. For this purj)ose thermometers can be 
had mounted in a brass case, as shown in Fig. 375, 
which will screw into a threaded opening in the main 
pipe. 

The author prefers to use instead a thermometer cup 
of the form shown in Fig. 376, which is screwed into a 
ta})ped opening in the pipe. Cylinder oil or mercury is 
then poured into the cu]3, and a ther¬ 
mometer inserted with graduations cut 
on the glass. The thermometer cups 
are usually made of a solid brass 
casting, the outside being turned down 
to the proper dimensions and threaded 
to tit a f-inch ])ipe fitting. The inside 
hole is drilled h inch in diameter, and 
the walls are left inch thick. It 
sliould be noted that mercury cannot 
be used with a brass cuj) on account 
of amalgamation. In such case^s iron 
or steel will have to be used. The 
total length of the cups may vary 
from 2 to 6 inches, depending on the place 
where they are to be used. In any case it is 
essential that the thermometer be inserted deep 
into the current of steam or water, and that no Fig. 376.-~TnERMOM- 
air pocket forms around the bulb of the ther- eterCuporWeix. 
mometer. The thermometer should be nearly vertical, and as 
much of the stem as possible should be protected from radiating 
influence. 

If the thermometer is to be inserted into steam of very little 
pressure, the stem of the thermometer can be crowded into a hole 
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cut in a rubber cork which fits the opening in the pipe. In case 
the thermometer cannot be inserted in the pipe it is sometimes 
bound on the outside, being well protected from radiation by hair 
felting; but this practice cannot be recommended, as the reading 
is often much less than is shown by a thermometer inserted in the 
current of flowing steam. 

295. Condensing Calorimeters. — Condensing calorimeters are of 
two general classes: i. The jet of steam is received by the con¬ 
densing water, and the condensed steam intermingles directly with 
the condensing water. 2. The jet of steam is condensed in a coil 
or pipe arranged as in a surface condenser, and the condensed 
steam is maintained separate from the condensing water. 

The principle of action of both of these calorimeters is essentially 
the same; the first class is, however, probably more often used than 
the second. The equations involved are as follows: 

Let W = weight of condensing water. 
w = weight of condensed steam. 

/, = temperature of condensing water, cold. 

= temperature of condensing water, warm. 

= temperature of conden,sed steam. 

K = water equivalent of calorimeter (see next article). 

Now the heat gained by the calorimeter ujwn condensing one 
pound of steam will be equal to 

W + K 

—-— (4- ^1) B.t.u. (i) 

W 

The heat in one pound of the sample steam above 32^ F., as taken 
from the steam-table, for the pressure of the original sample, may 
be expressed by xr + q. The condensed steam is, however, not cooled 
to 32^ F., but to some temperature usually higher than 32®. 
Then the net amount of heat per pound of steam condensed will be 

xr+ 5 ^ (^3- 32) B.tu. (2) 

The loss of heat by radiation must either be determined and added 
to equation (i) or it must be compensated for by so conducting the 
trial that is as much below the temperature of the room at the 
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start as is above that temperature at the end of the test. Assuming 
that this method is used, we then have 

(4 - /i) = [ 3 W + 2 - (^8 - 32)], (3) 

from which 

—-— (^2 - - 2 + 32 

« (4) 

r 

In the case of calorimeters of the first class, and equation (4) 

becomes 

W + K 

■ 12 -^( 4 - 0-2 + 4-32 

X (5) 

r 

If A- turns out to be greater than i.o, compute the degree of super¬ 
heat D from the equation 

D (6) 

C p 

296. Determination of the Water Equivalent of the Calorimeter. — 

The calorimeters exert some effect on the heating of the liquid 
contained in them, since the substance of the calorimeter must 
also be heated. This effect is best expressed by considering the 
calorimeter as ecpiivalent to a certain number of pounds of water 
producing the same result. This number is termed the vater 
equivalent of the calorimeter. The water eijuivalent, K, can be 
found in three ways*: 

1. By computation from the known weight and specific heat of 
the materials com}X)sing the calorimeter. Thus, let C be the specific 
heat, Wc the weight; then 

K = CW,. 

2. By drawing into the calorimeter, when it is cooled dowm to 
a low temperature, a weighed quantity of water of higher tem¬ 
perature and observing the resulting temperature. Thus, let W 
equal the weight of water, the first and the final temperatures, 

* See also the discussion on the same subject in Chapter XIII, p. 478. 
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and K the water equivalent bought. Since the heal before and after 
this operation is the same, 

from which 

^ ^ (^1 ~ 4 ), 

4 

Radiation, however, affects the accuracy of the determination 
and must be corrected for. 

3. By condensing a quantity of steam known to be dry saturated. 
Then, x — 1.0, and the equation of the previous article may then 
be used to determine K. 

297. Forms of Condensing Calorimeters. — Barrd or TankCdo- 
rimeier. - The barrel talonmeler belongs to that c lass of condensing 



calorimeters in which a jet of steam intermingles directly wdth the 
w ater of condensation. It is made in various ways; in some instances 
t le walls arc made double and packed with a non-condensing sub¬ 
stance, as down or hair felting, to prevent radiation, and the instru¬ 
ment is provided wdth an agitator consisting of paddles fastened to 
a vertical axis that can be revolved and the water thoroughly mixed; 
but it usually consists of an ordinary wooden tank or barrel resting 
on a pair of scales, as shown in Fig. 377. 
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A sample of steam is drawn from the main steam pipe by con¬ 
nections, as explained in Article 293, and conveyed by hose, or 
})artly by iron pipe and partly by hose, to the calorimeter. In 
the use of the instrument, water is first admitted to the barrel 
and the weight accurately determined. The pipe is then heated 
by permitting steam to blow through it into the air; steam is then 
shut off, the end of the pipe is submerged in the water of the calo¬ 
rimeter, and steam turned on until the temperature of tlie condensing 
water is about no® F. The pipe is then removed, the water vigor¬ 
ously stirred, the temperature and the final weight taken. 

A tee screwed crosswise of the pipe, as shown in Fig. 377, forms an 
efficient agitator, provided the temperature be taken immediately 
after the steam is turned off. 

The pipe may remain in the calorimeter during the final weighing 
if supjwrted externally and if air be admitted so that it will not 
keej) full of w'ater; in such a case, however, it should also be in 
the barnd during tlie first weighing, or else the final weight must 
lie corrected for displacement of w'ater by the ])ii)C. The effect of 
displacement is readily determined by weighing with and without 
the pipe in the water of the calorimeter. 

The determination of the water equivalent of the barrel calorim¬ 
eter will be found very difficult in })ractice, and it is usually cus¬ 
tomary to heat the barrel previous to using it, and then neglect any 
effect of the calorimeter. The accuracy of this instrument depends 
princi})ally on the accuracy with which the temperature and the 
weight of the condensed steam are obtained. The conditions for 
obtaining the temperature of the water accurately are seldom 
favorable, as it is nearly impossible to secure a uniform mixture of 
the hot and cold water; the result is that determinations made with 
this instrument on the same quality of steam often vary from 3 to 6 
per cent. From an extended use in comparison with more accurate 
calorimeters, the author would place the average error resulting 
from the use of the barrel calorimeter at from 2 to 4 i)er cent. 

Example .—Temperature of condensing wafer, cold, fi, is 52.8“ F.; warm, 
109.6° F. Steam pressure by gauge, 79.7; absolute, 94.4. Entering steam, 
normal temperature, from steam-table, t, 323.7° F. Latent heat, r, 891.2 B.t.u., 
q “ 294 B.t.u. Weight of condensing water, cold, W, 360 pounds; warm. 
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IP+w, 379.1 pounds; wet steam, w, 19.1 pounds. Calorimotef equivalent 
eliminated by heating. The quality 


X = 


(109.6 — 53.8) —394 + 109.6 — 33 

Laj- 

891.2 


891.3 


95.9 per cent 


298. Directions for Use of the Barrel Calorimeter. — A pparalus .— 
Thermometer reading to i degree F., range 32° to 212°; scales 
reading to of a pound; barrel provided with means of filling with 
water and emptying; proper steam connections; steam gauge or 
thermometer in main steam pipe. 

1. Calibrate all apparatus. 

2. Fill barrel with 360 pounds of water, and heat to 130 degrees 
by steam; waste this and make no determinations for moisture. 
This is to warm up the barrel. 

3. Empty the barrel, take its weight, add quickly 360 pounds of 
water, and take its temperature. 

4. Remove steam pipe from barrel; blow steam through it to 
warm and dry it; hang on bracket so as not to be in contact with 
barrel; turn on steam, and leave it on until temperature of resulting 
water rises to 110° F. Turn off steam; o])en air cock at steam pijie. 

5. Take the final weights with pipe in barrel, in same position 
as in previous weighings; also take weights wdth the pipe removed: 
calculate from this the displacement due to pipe, and correct for 
same. 

Alternative for fourth and fifth operations. — Supply steam threfugh 
a hose, whicli is removed as soon as water rises to a temperature 
of iio°F. Weigh with the ho.se removed from the barrel. Stir 
the water w^ile taking temperatures. 

6. Take five determinations, and compute results as explained. 
Fill out and file blank containing data and results. 

7. Compute the value of the water equivalent, K, in pounds by 
comparing the different sets of observations. 

299. The Continuous Jet Condensing Calorimeter. — A calorim¬ 
eter may be made by condensing the jet of s'eam in a stream of 
water passing through a small injector or an equivalent instrument. 
The method is well shown in Fig. 378. A tank of cold water, B, 
placed upon the scales R, is connected to the small injector by the 
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pipe C; the injector is sup¬ 
plied with steam by the pipe 
S, the pressure of which is 
taken by the gauge P; the 
temperature of the cold 
water is taken at e, that of 
the warm water at g. 

Water is discharged into 
the weighing tank A, The 
amount taken from the 
tank B is the weight of 
cold water IV ; the differ¬ 
ence in the respective I ic 378 — Continuous Jft Condensino 
weights of the water in Calorimite* 

tank A and that taken from B is the weight of the steam w. The 
quality is computed exactlv as for the barrel calorimeter. 


T' 




Fto. 379 — Mixing Device for Condensing Calorimeter. 

In case a regular injector is used, as shown in Fig. 378, the tank 
B is not needed: water can be raised by suction from the tank A 
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through the pipe d. The original weight of A will be that of the cold 
water; the final weight will be that of steam added to the cold water. 

In case an injector is not available, and the water is supplied 
under a small head, a very satisfactory substitute can be made of 
pipe fittings, as shown in Fig. 379. In this case, steam of known 
pressure and temperature is supplied by the pipe cold water is 
received at 5 ', and the warm water is discharged at 5 . The tem¬ 
perature of the entering water is taken by a thermometer in the 
thermometer cup T\ that of the discharge by a thermometer at T, 
The steam is condensed in front of the nozzle C. 

This class of instruments presents much better opportunities for 
measuring the temperatures accurately than the barrel calorimeter, 
and the results are somewhat more reliable. 



300. The Hoadley Calorimeter. — This instrument belongs to the 
class of non-continuous surface calorimeters. It was described in 






















f 
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“ Transactions of the American Society of Mechanical Engineers,” 
Vol. VI, and consists of a condensing coil for the steam, situated 
in the bottom of a tank calorimeter, very carefully made to pre¬ 
vent radiation losses (Fig. 380). The dimensions were 17 inches 
diameter by 32 inches deep, with a capacity of about 200 ix>unds 
of water. The calorimeter was made of three concentric vessels of 
galvanized iron, the spaces being filled with hair felt and eider¬ 
down. The condenser consisted of a drum through which passed 
a large number of half-inch copper tubes, the steam being on llie 



outside, the water on the inside, of these tubes, the agitator con¬ 
sisting of a propeller wheel attached to an axis that could be rotated 
by turning the external crank K, effectually stirring the water. 
The thermometer for measuring the temperature was inserted in 
the axis of the agitator at T. In the hands of Mr. Hoadley the 
instrument gave accurate determinations. 

In practice the instrument was arranged as in Fig. 381; the calorim¬ 
eter E was placed on the scales F and supplied with cold water from 
the elevated barrel A. The temperature of the entering water was 
taken at C. Steam was admitted to the condensing coil until the 
temperature of the condensing water reached, say, 110° F. The 
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weights before and after adding steam were taken by the scales F; 
the temjxjrature of the warm condensing water was taken by a ther¬ 
mometer, G, inserted in the axis of the agitator. The water 
equivalent was determined as explained in article 296, and the 
quality computed by equation (4). The rate of cooling was deter¬ 
mined, and an equivalent amount added as a correction for any 
loss of heat by radiation. 

301. The Barrus Continuous Calorimeter. — This calorimeter is 
shown in Fig. 382. It consists of a steam pipe, aJ, surrounded 

by a tub or bucket, O, into 
which cold water flows; the 
condensing water is received 
as it enters the bucket in a 
brass tube, k, surrounding 
the pipe a, and is conveyed 
over and under baffle plates, 
m, so as to be thoroughly 
mixed with the water in the 
vessel, and is finally dis- 
cliarged at c. Thermometers 
are placed at / and at g to 
take the temperature of the 
water as it enters and leaves, 
and finally the condensing 
water is caught from the 
overflow and weighed. The 
condensed steam falls below 
the calorimeter; by means of 
water-gauge glass at e it 
„ may l)e seen and kept at a 

constant height. The tem¬ 
perature of the condensed steam while it is still under pressure 
is shown by a thermometer at h. In order to use the calorimeter 
it is necessary to weigh the condensed steam; this cannot be done 
without further cooling, as it would be converted into steam were 
the pressure removed. For this purpose it is passed through a 
coil of pipe immersed in a bucket filled with water. The water 
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used in the cooling bucket has no effect on the quality of the steam 
and is not considered in the results; it is allowed to waste, but the 
condensed steam is caught and weighed. 

The method of computing the quality of the steam from the 
observed data should be clear from previous articles. 

The following form for recording readings and results obtained 
with tliis calorimeter will be found convenient: 


SIBLEY COLLEGE—DEPARTMENT OF EXPERIMENTAL 
ENGINEERING. 

OETEKMINAriON OK MOISTURE IN STEAM BY CONDENSING CALORIMETER. 


Made by Ithaca, N. Y. igi.. 

. Tyi>e of Calorimeter. 

... Barometer.inches Hg. 

. Room Temp. 


Duration of run — min,.. 

Prc.sfeures. 

Gauge. 

Absolute . 

Weight of barrel . 

Weight of water . 

Tare. 

Total. 

Weight of Steam. 

Tare. 

lotal. 

Tcm fieraturrs. 

Condensing water — 

initial. 

Condensing water — 

final. 

Steam — initial. 

Steam (condensetl) - - 

final. 

Weight of water — lbs. 
Weight of .steam — lbs. 
Water equivalent of 

Calorimeter. 

Ratio of water to steam. 
Latent heat of steam at 
initial pressure 
Quality — per rent. . . . 
Moisture — per rent.. 
Total heat in t lb. steam 
as determined .. 
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302. Superheatiiig Calorimeters. — These are of two forms, the 
external and the internal. The former is typified by the Barrus 
superheating calorimeter, the latter by the throttling calorimeter, 
of which the Peabody is the original example. 



303. The Barrus Superheating Calorimeter is shown in Fig. 383. 
The pipe carrying the sample steam separates into two branches, 
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of equal size, one, i/, carrying steam to be tested, the other, 
supplying the superheater G. i? is a heater for superheating the 
steam passing through C. From G the now superheated steam 
passes through Q and / down through the jacket and out to the 
atmosphere through the orifice M, The test sample passes through 
the central pipe in J and out to the orifice N. M and N are of the 
same size. Conditions must be such that in passing through J 
the sample steam shall first be dried and then sui)erheated by 
taking heat from the superheated steam surrounding it, and' the 
latter must still be superheated when it reaches the orifice M. 
Temperatures are taken at A, By and C, and either the pressure or 
the temperature of the sample steam must be accurately found. 

Theory of the Inslrumait, --The accuracy of the instrument 
depends in the first place upon the condition that ecjiial weights 
of steam must flow out of the orifices N and M in a given time. 
If this is not maintained the weights of the two quantities of steam 
must be considered. This can of course be done by condensing 
and weighing. 

Let W ="■ weight of steam in a stated time from orifice N, 

--- M, 

T ■ - saturation temperature of steam in main, 
temperature at A, 
temperature at B, 
tem])erature at C. 

R -- radiation loss in B.t.u, in the stated time. 

X quality of sample steam. 

I — .T -- amount of moisture carried by each pound of steam. 

Cp mean specific heat at constant pressure in the range 
T, to T,. 

Cp» -= mean specific heat at constant pressure in the range 
T to r,. 

We may then equate the amount of heat lost by the steam escaping 
through M to the amount of heat gained by that flowing out through 
Ny or 

WC, (T] -T,)~R W, [r (x - -r) + Cp- (T, ~ T)] (7) 

The usual assumj)tion is that IF = The mean specific heat 
Cjf, for the range T to can be obtained directly from Fig. 244, 
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S6o 

while f is taken from the steam-table for the absolute pressure 
of the sample steam. The factor Cp in the first member of the 
equation cannot be found directly from Fig. 244; it can, however, 
be determined in two steps, as follows: Let Cp, be the mean specific 
heat in the range T to T,, and Cp, be the mean specific heat in the 
range T to T^. Both of these can be read directly from Fig. 244. 
We may then write 

IFCp (T, - - 72 = IF [Cp. (T. - T) - {T, - T)] - R, (8) 

and the final form of the equation for this calorimeter is, putting 
W == IF,, 

Cp. x) + Cp- T). (9) 

The radiation loss, R, is some function of T,, and can be determined 
by calibration. The following form shows the scheme used at 
Sibley College for recording the observations made with the super¬ 
heating calorimeter: 

SIBLEY COLLEGE, CORNELL UNIVERSITY — DEPARTMENT OF 
EXPERIMENTAL ENGINEERING. 

LOG OF TESTS WITH SUPERHEATING CALORIMETER. 


By. 

Date. . ... . . Place... 

Ban)meler . ... . .. int hes 


No 

Time 

Steam 

IVe^ure 

Main. 

Absolute 

Steam 

Pressure 

j Temperature. 

Moisture 

in 

Steam 

I — X 

Quality 

.T 

Satura¬ 
tion 
Temp 
of Steam 
m Main, 

r. 

Jacket 

Steam 

Entering 

Tx 

Jacket 

Steam 

Leaving, 

Tx. 

Sample 

Steam 

Leaving, 

Tx 






! 






304, The Throttling Calorimeter. — This instrument was designed 
in 1888 by Professor C. H. Peabody of Boston, and represents a 
greater advancelhan any previously made in practical calorimetry, 
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The equations for its use and limitations of the same were given 
by Professor Peabody in Vol. IX, Transactions of the American 
Society of Mechanical Engineers.” 

The form of calorimeter at present used in Sibley College was 
patented by the writer in 1893. Fig. 384 shows the essential details. 
The sample steam from the main |)asses through a valve and a 
throttling orifice into the interior of the calorimeter. Here the low- 
pressure or exhaust steam completely surrounds a thermometer 



Fl(.. 384. — ThBOTTLING CALORIMETtR. 


cup before passing out of the calorimeter through the bottom 
opening. In many instances a gauge or thermometer cup is in¬ 
serted between the valve and the throttling orifice in order to deter¬ 
mine the pressure of the sample steam as accurately as possible. 
The pressure of the steam in the calorimeter is obtained by means 
of a manometer or low-reading gauge, connected as shown. Where 
the exit from the calorimeter is comparatively free, that is, not 
obstructed by long pipes, bends, or valves, the .so-called back 
pressure in the calorimeter should not be more than I" mercury, 
and a manometer is therefore the best instrument with which to 
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determine it. The throttling orifice has a diameter of about .08". 
The calorimeter itself is about 3" in diaineter by 6" long. For the 
purpose of cutting down radiation the body is nickel-plated, but it 
is nevertheless advisable thoroughly to cover the instrument with 
some non-conducting material after installation. The samjfie pipe 
leading to the calorimeter should be as short as possible, and should 
also be thoroughly covered. If the instruments determining the pres¬ 
sure of the sample are inserted between the valve and the throttling 
orifice, it is essential that the valve be opened wide during a trial. 

Theory of the Instrument .—It is assumed in the operation of 
the throttling calorimeter that there is exactly as much heat in one 
fK>und of steam ahead of the throttling orifice as there is in the 
same weight of steam after throttling; that is, no heat is lost in 
radiation and no work is done in the expansion jirocess in the 
orifice. There is, how'ever, le.ss total heat in saturated steam at 
the lower pre.ssure than there is at the higher, and the excess heat 
thus liberated in the expansion through the orifice will first eva])orate 
any moisture that the sample contains and will next superheat the 
dry steam, if any heat is left after the drj’ing jirocess is comjileted. 
Hence, provided enough heat has been liberated, the steam in the 
calorimeter will be superheated. As a matter of fact, this must be 
the case or the instrument cannot be used, for if the thermometer 
shows the saturation temperature of the steam in the calorimeter, 
there is no guarantee that even the original moisture in the sample 
has been evaporated. 

The heat in one pound of the high-pressure steam may be ex¬ 
pressed by {ocr - 1 - q) B.t.u.; that in low-pressure steam by A + Cp 
(Tj — TJ B.t.u., where is the temperature indicated by the 
thermometer and Ti is the saturation temperature of the steam at 
the absolute pressure existing in the calorimeter. As jxjinted out, 
Tjj must be greater than T,. By the theory above outlined we may 
then write 

xr + q A + Cp ( 7 \- 7 ,), (10) 

from which 

. Ll-t 

r 

Cp may be closely estimated from Fig. 244. 


(II) 
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Example, — Pressure in the main steam pipe is 150 lbs. by gauge, back 
pressure in the calorimeter 4'' mercury, barometer pressure 29.9'' mercury, 
temperature in the calorimeter 292® F. 

Here we have absolute pressure of sample steam == 150 + 14.7 = 164.7 lbs., 
absolute pressure in the calorimeter = 20.9+4 == 33-9^^ Hg. » 16.6 lbs. The 
saturation temperature, 7 \, for the latter pressure, by interpolation from the 
steam-table, 218°. The degree of superheat is, therefore, — Ti = 292 — 
21S » 74"^, For this range, Cp « .47 from Fig. 244. The total heat X for 16.6 
lbs. « 1152.6 B.t.u. Further, for 164.7 lbs., r - 857.9 B.t.u. andr/ =338B,t,u. 
Finally, by substitution in the above formula, 


^ 1152-6 i -.-47 (292 - 218) - 338 ^ 84&A 
857-9 857-9 


- 09 per cent. 


In case the result for x is greater than i.o, it indicates that the 
sample steam was originally superheated, and the degree of super¬ 
heat should next be determined as shown in Example 3, page 338. 

The following form is now used at Sibley College for recording 
the throttling calorimeter observations taken and the results: 


SIBLEY COLLEGE, CORNELL UNIVERSITY —DEPAR'I'MENT OF 
EXPERIMENTAL ENGINEERING. 

LOG OJ- TESTS WITH THROTTLING CALORIMETER. 

Bv. 

Dato .Place ... 

Alcan Trolling'IVmp, in Calorimeter. Barometer ... . inches Hg. 



305. Graphical Solutions for Throttling Calorimeter Computations. 

— The Mollier diagram, Fig. 245, offers a very quick means of 
arriving at the final result for percentage of moisture as based 
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upon throttling calorimeter observations. Thus, in the case of the 
example above computed, follow the i6.6 lbs. pressure line until it 
crosses the line of 74° superheat. From this point follow a line 
parallel to the entropy axis until it cuts the 164.7 lbs. absolute 
pressure line. This operation assumes a constant heat content of 
the steam, as laid down in the theory of the calorimeter. The 
last point of intersection will be found to indicate 99 per cent quality. 

This diagram is universal, that is, it takes into account the varia¬ 
tion of Cp with pressure and temperature and is therefore applicable 
to any case. 

306. Limits of the Throttling Calorimeter.—When in equation (11) 
Tj becomes equal to T,, there will be no superheat in the calorim¬ 
eter, and all of the heat liberated in the throttling process has been 
used to dry the moisture in the original steam. This condition 
then marks the minimum value of x, that is, the highest percentage 
of moisture that the calorimeter can indicate under the conditions 
of initial and final pressure. The following table, which may be 
computed by substitution in equation (ii), a.ssuming T,, or 

may be constructed by means of the entropy heat chart, Fig. 245, 
shows what the lower limit of the calorimeter is for a series of 
pressures, taking the pressure in the calorimeter at 15 lbs. absolute. 
There is, of course, no ufjper limit, that is, no limit to the degree 
of superheat in the sample steam that the calorimeter can indicate. 


LIMITS or THE THROTTLING CALORIMETER. 


Pressure, pountls per sq lu 

Gauge (Ba- 
Ab^jlutc romtler as¬ 

sumed, 2Q 9") 

Maximum per 
cent of Mois¬ 
ture. 

Quality of 
the Steam, 
per cent. 

300 

285-3 

6.7 

93-3 

250 

235-3 

6.2 

93-8 

200 

185-3 

5.6 

94.4 

m 

160.3 

5-3 

94.7 

150 

1 . 15-3 

4.0 

95*1 

125 

110.3 

4.6 

95-4 

TOO 

^5 3 

4.0 

96.0 

75 

60 3 

3-3 

96.7 

50 

35-3 

3-5 

97-5 


It should be noted, however, that it is not safe to trust the readings 
from a throttling calorimeter when = T,, for there is no definite 
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indication under such conditions that the original moisture in the 
steam has all been evaporated. Further, when F, is close to r,, 
the readings should be accepted only with caution, and should in 
fact be accepted only when the thermometer used is known to be 
correct or when the error is known and allowed for. In the former 
case some other form of calorimeter must be used, in the latter 
case the writer would recommend a change if the margin between 
r, and r, is less than, say, 10 degrees. In this connection proper 
lagging of the calorimeter and stem correction for the emerging 
film of the thermometer are often of importance. 

307. Throttling Calorimeter Constructed from Pipe Fittings. — 
It is possible to construct a very satisfactory throttling calorimeter 



Fig. 385. — Throttling Calorimeter made from Pipe Fittings. 

from pipe fittings, as shown in Fig. 385. Connection is made to the 
main steam pipe, as explained already elsewhere. The calorimeter 
is made of f-inch fittings arranged as shown; the steam pipe W is of 
^-inch pipe, and the throttling orifice is made by forcing a taper 
plug into the end of the pipe, in which is drilled a hole | or Vj inch 
in diameter. 

A thermometer cup. Fig. 376, is screwed into the top, and 
a pet cock inserted opposite the supply of steam. A manometer, 
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B, for measuring the pressure is attached by a piece of rubber 
tubing, as shown. The exhaust steam is discharged at E, The bac k 
pressure on the calorimeter can be increased any desired amount 
by a val\e on the exhaust pipe; when no valve is used the pressure 
is so nearly atmospheric that a manometer is seldom required* 

308. The Thomas Electric Superheating Calorimeter.-™ Figure 386 


shows a sectional view and Fig. 387 


B 



Fig 386. —Section, Thomas F^lectric 

CAI01tIMLTi?R 


a general view of this instrument.* 
It consists practically of an elec¬ 
tric heater which is constructed 
by passing a continuous coil of 
German-silver wire up and dov n 
through holes in a soapstone c}l- 
inder. Connections to the source 



Fig 387 —Gfneral View, Thomas 

(^AIORIMT 11 R 


of electric supply are made as shown. The steam pas^^es in at A, 
Fig. 386, is dried, and in some cases superheated in passing the coil, 
and leaves through the opening C. The branch pijie C contains 
a section of glass tubing, as shown in Fig. 387. This serves as a 
♦ Full description in Powers Novembei, 1907. 
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watch glass to indicate whether the steam is wet or superheated. 
A thermometer is introduced at B, Fig. 386, to indicate the tempera¬ 
ture of the steam passing out. Arrangements are made to accurately 
measure the watts input into the heating coil. I'he current used 
is ordinarily no volts, about 10 amperes being required. 

Operation. —After steady flow is obtained, turn on current and 
first dry steam, as shown by fog disappearing from watch glass and 
by thermometer reading. Then superheat to some temperature T. 
('all input after this temperature has become constant Ef watts. 

Next, decrease current until steam is just dry. Call input then 
/?, watt.s. Then £— ii, - — watts required to superheat T 

degrees. 

It can be shown that the heat required to dry one pound of the 
steam is then equal to 

H = A:|iB.t.u., (12) 

where K is a constant for any one steam f)ressurc and for a given 
degree of superheat. This factor has been experimentally deter¬ 
mined (sec Fig. 388). 

Next, if r is the heat of vaporization of the steam at the pressure 
ii.sed; then 



Example. — Suppose the steam pressure is 165 lbs. absolute, and that to 
maintain the temperature of the steam at 460^^ requires 650 watts = Er. 
When the steam is just dry, as shown by the watch glass, suppose the input 
== 260 watts - El. Then £2 - 650 — 260 = 390 watts. The critical tem¬ 
perature at 165 lbs. abs. ^ 366°, while r ^ 856.8 B.t.u. Hence, the degree of 
superheat - 460 — 366 = 94°. For this degree of superheat and for 165 lbs. 
pressure, Fig. 388 shows a value of X ^ 59. 

Hence 

rr 260 

n ^ sqx — - 394 , 

and the quality is 

309. Methods of Direct Determination of Moisture in Steam. 
The Separating Calorimeter. — The separating calorimeter is an 
instrument which removes all water from the sample of steam by 



568 


EXPERIMENTAL ENGINEERING 


some process of mechanical separation, and provides a method of 
determining the amount of water so removed and also the weight 
of the sample. This process is dependent upon the greater density of 
water as compared with that of steam. Thus, for instance, steam 
at loo lbs. absolute pressure is more than 260 times lighter than water 
at the same temperature, and if the sample of steam when moving 
wich considerable velocity can be made to change its direction of 
motion abruptly, the water will be deposited by the action of inertia. 

The accuracy of this instrument depends on the possibility of 
completely separating the water from the steam by mechanical 
methods. To determine this, a series of tests were conducted for 
the author by Messrs. Brill and Meeker with steam of varying 
degrees of quality. The range in moisture was from 33 to i per 
cent, yet in every case the throttling calorimeter attached to the ex¬ 
haust gave dry steam within limits of error of observation. The 
following were the results of this examination: 


SEPARATING CALORIMETER. 


Observations on Entering Steam. 


Examination of Ex¬ 
haust Steam from Calonm 
eter by Throttling 
Calorimeter 


OUo- 
ri meter 

T 

. 

P 

W 


X 

i 

X 

si 

Bttration 

Run, 

minutes 

Gauge 
Pressure. 
pounds 

Pounds 
SeiJaratcd 
Water m 
Run 

Pounds 
Condensed 
Steam in 
Run 

Quality 
Steam, 
per cent 

Temp in 
Calorim¬ 
eter 

Quality 
Steam in 
Exhaust 

0 

0 1 
6 ^ 
Z 


25 

81 5 

I 15 

4-45 

79.46 

281 

99-95 

6 

«( 

25 

78.2 

0.15 

5*20 

97.2 

281,3 

100.00 

6 


25 

80.8 

0-525 

4-25 

89.005 

286.5 

100.00 

6 

B) 

25 

79-5 

0.150 

4.75 

96.94 

281 H 

99-95 

6 


2$ 

78-5 

0.300 

5.000 

94.34 

282.8 

100.00 

6 

B) 

25 

77 6 

.150 

5*45 

97-32 

282.3 

100.00 

6 


24 

70 5 

1.8 

4.55 

71-65 

280.1 

99.94 

6 

B 1 

24 

78-5 

1 

4-90 

77-77 

279-5 

99-9 

6 


20 

83.5 


4,1 

77-67 

286 5 

t 100.00 

5 

B| 

20 

8t.6 

1.70 

4-75 

73-64 

282.7 

99.98 

5 


20 

74.8 

0.65 

3*95 

85-87 

283.7 

‘ 100.05 

5 


20 

82.0 

0-85 

3-95 

82.29 

286.8 

100.05 

5 


20 

82 6 

0-35 

4.15 

92.22 

285.6 

100.0 

5 


20 

81 5 

0.20 

3*95 


285 2 

100.05 

! 5 


20 

81.4 

2.20 

4-325 

66.28 

283.1 

100.0 

I 5 

b\ 

20 

80.3 

0 30 

4 -SS 

93-81 

282.8 

xoo.o 

5 

i\ 

20 

82.0 

0.20 

4.65 ! 

95-8 

282.8 

99.98 

5 

B1 

1 20 

81.1 

0.20 

4,40 

95-7 

284.0 

100.0 

5 

Average of iS trials, involving 98 observations .... 

99-998 
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ees Superbeat Fahr, 
Fig. ^88. 




570 


EXPERIMENTAL ENGINEERING 


This experiment indicates that the complete separation of moisture 
from steam is possible by mechanical means. 

Any radiation in the instrument will increase the apparent moisture 
in the steam, and must also receive consideration, especially if it 
be sufficient in amount to sensibly affect the results. 

The earliest form of separating calorimeter used in experimental 
work, in the Sibley College laboratory, consisted of a vessel with an 
interior nozzle, extending below the outlet and so arranged that the 
current of steam would abru])tly change direction and de|X)sit 
the moisture into the bottom portion of the vessel. The dry steam 
was allowed to escape near the top. This instrument, even when 
covered with hair felt, gave off sufficient amount of heat to sensibly 
affect the results, and a correction for radiation was essential. The 
amount of radiation was determined by using two instruments of 
the same kind and size, arranged so tliat the discharge from one 
was the supply to the other. 

The second instrument receives perfectly dry steam from the 
first, the water deposited is due to the radiation loss, which, being 
the same in both instruments, provides a method of determining 
its amount. In figuring the percentage of moisture, the amount 
thrown down by radiation in the second instrument is to be de¬ 
ducted from the total amount caught in the first calorimeter. 

In later forms of the instrument the amount of radiating surface 
has been made so small as to render the correction for radiation, 
in all ordinary cases, negligible, by constructing tlie instrument 
in such a manner as to be jacketed by steam of the same pressure 
and temperature as in the sample. The form of this instrument 
is shown in a more or less conventional sketch in Fig. 389, in which 
the steam is supplied tlirough the pipe /), the moisture being re¬ 
ceived in the interior vessel £, the discharge steam passing out of 
the chamber E at the top, into the jacket F, and thence out of the 
instrument through a small opening at L, the opening at L being 
made sufficiently small to maintain the pressure in the jacket the 
same as that in the sample. The discharged steam is then con¬ 
densed in a can, /. This can is provided with a small top in which 
is set a gauge glass with attached scale, graduated so as to read to 
pounds and tenths of pounds of water. A gauge glass N attached 
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to the calorimeter is provided with index, mn, arranged to move 
over a graduated scale, S, which shows the weight of water in the 
vessel E in pounds and hundredths. In using this instrument the 
condensing can J is filled with water to the zero point of the scale. 
The amount of condensed steam is read on the scale of the can, J; 



Fig. 38Q. — SEPARAnUG Calobimkter. 


the amount of water in the sample of steam for the same time is 
read on the scale S. The percentage of moisture, in case radiation 
is neglected, is the quotient of the reading of the calorimeter scale 
S divided by the sum of the readings on both scales. 

The latest form of the instrument is shown complete with all 
accessories in Fig. 390, and is a great improvement over the earlier 
forms in points of portability and convenience. It differs from the 
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form last described principally in the construction of the steam- 
separating device, which has been increased in efficiency, and in 

the substitution of a so-callcd flow gauge 
attached to the outer jacket, which regis¬ 
ters the total flow of steam through the 
instrument in ten minutes of time. 

The flow of steam through a given orifice 
is proportional to the absolute steam pres¬ 
sure, by Napier’s law* (see page 453), which 
has been ])roved correct for pressures alxjve 
25 }X)unds absolute; and hence it is jxjssible 
to calibrate by trial a pressure gauge in 
such a manner that the graduations will 
show the flow of steam in a given time. 
The only error which is ])roduced in this 
graduation is that due to changes in 
barometric pressure, which is never suf¬ 
ficient to sensibly affect the results obtained 
in the use of the instrument. Much, how¬ 
ever, depends also upon the pro{)er con¬ 
struction of the orifice. Unless this is a 
well-rounded (bell-mouth), smooth opening, the actual discharge of 
steam will be considerably less than that com})uted. The quality 
will therefore appear better than it really is, since w (see next 
article) will be assumed too large. Should any doubt arise, the 
accuracy of the readings of the gauge are easily verified by con¬ 
densing the discharged steam for a given period of time. This 
should be done occasionally to test the graduations. 

310. Formula for Use with the Separating Calorimeter. — Let w 
equal the weight of dry steam discharged at the exhaust orifice, W 
the water drawn from the sep)arator, R the water thrown down 
during the run by radiation. Then the quality of the steam is 



Caxorimexes. 


w + R 
W + w 


(14) 


♦ See Tran^ctions American Society Mechanical Engineers,” VoL XI., 1887, paper 
by Prof. C. H. Peabody. 
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the amount of moisture 


m - jg 
W + w 


(15) 


To reduce the radiation loss as much as possible the instrument 
should be thoroughly covered with hair felt to the thickness of i to 
i inch. In this case the total lo.ss by radiation will be about 0.4 
B.f.u.* ]>er square foot per hour for each degree difference of tem- 
j)erature between the steam and the surrounding air. This will 
amount to about 220 B.t.u. per square foot per hour, or about J of 
a pound of steam under usual conditions of pressure and tempera¬ 
ture. In the instrument described the actual exposed surface 
amounts to about tV sq. ft., so that the conden.sation loss may be 
considered as from j‘o to A of a j)ound of steam i)er hour. The 
total flow of steam through the instrument usually varies from 40 to 
60 lbs. of steam per hour, so that if the instrument is covered, 
the radiation loss would be less tlian -iV of one per cent. If the 
instrument be not covered, the loss would be about five times this 
amount, or under usual conditions about I of one per cent. 

The radiation loss can in every case be determined by using 
steam of known quality, as determined bj' the throttling calorim¬ 
eter, or better still by arranging two separating calorimeters 
of exactly the same size in series, so that the steam exhausted 
from the first is used as a supifly to the second in a manner already 
explained. 

311. The Limits of the Separating Calorimeter. — The instru¬ 
ment will give correct determinations with any amount of moisture 
that the sample of steam may contain. With steam containing a 
very small amount of moisture, the radiation lo.ss will have more 
effcTt than with steam containing a greater amount. When the fact 
is considered, however, that a sample of steam cannot probably be 
obtained but what differs more than i per cent from the average, 
the futility of making this correction becomes at once apparent. It 
is, of course, almost superfluous to note that the instrument cannot 
indicate superheat in the original sample, as the throttling calorim¬ 
eter is able to do. But the separating calorimeter can be used 

* See numerous experiments, Carpenter’s **Heating and Ventilation” (N. Y., 
J. Wiley & Sons), Chapter IV. 
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for degrees of moisture for which the throttling calorimeter fails, 
and these two instruments together, therefore, cover all of the 
quality conditions of steam. 

312. General Method of Using the Separating Calorimeter— 

The general method of using is given only for the instrument last 
shown, which is briefly as follows; First, attach the instrument 
to a pipe leading to the main steam pipe, as already explained, so 
as to obtain the fairest sample of steam. 

Second, wrap the instrument and connections thoroughly with 
hair felt, to prevent loss of heat by radiation, leaving only the scales 
visible. 

Third, permit the steam to blow through the instrument until it 
is thoroughly heated, before making any determinations. 

Fourth, take the initial and final readings on the scale 12 Fig. 
390, at beginning and end of a period of ten minutes of time and note 
the average position of the hand on the gauge dial during this time. 
The pressure should be kept as nearly constant as possible dur¬ 
ing the period of discharge, in which case this hand will remain 
constant. 

Fifth, compute the percentage of moisture as explained by dividing 
the reading on the scale 12, Fig. 390, by the sum of the readings on 
scale 12 and the gauge dial. 

Attention is again called to the difficulty of obtaining an average 
sample of steam for the calorimetric determination. The principal 
cause of this difficulty is due to the great difference in specific 
gravity of water and steam, as, for example, at a pressure of 100 
pounds absolute per square inch a cubic foot of steam weighs 0.23 
pound; a cubic foot of water at the corresponding temperature 
weighs about 56 pounds, or more than 225 times as much. If 
any great amount of water is contained in the steam, it is likely, 
if moving in a horizontal pipe, to be concentrated on the bottom; if 
moving downward in a vertical pipe, to fall under the influence of 
gravity and inertia; if moving upward in a vertical pipe, it tends to 
remain at the bottom until absorbed or taken up by the current of 
steam. The amount of water by weight that will be absorbed as 
a mist or fog and carried by the steam is not definitely known, but 
it depends in a large measure on the velocity of flow. 
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Because of the great clitference in weight of water and steam 
nearly all the water can be deposited from a current of steam, in 
a vessel or reservoir conveniently connected to the steam pipe, by 
action of gravity or inertia. Such a device is known com¬ 
mercially as a steam separator. The water is removed from the 
separator either by an automatically controlled pump or trap or 
by hand. 

In the determination of quality it is desirable to remove the free 
water by a steam separator before making the connection to obtain 
the sample, as in that case the sample is more likely to be an average 
one. See papers on this subject in the “ Transactions of the Ameri¬ 
can Society of Mechanical Engineers,” Vol. XIII, by Prof. D. S, 
Jacobus, and Vol. XII, by the author. 

The following is a convenient form for recording observations 
and results: 

MECHANICAL LABORATORY, SIBLEY COLLEGE, CORNELL 

UNIVERSITY. 

PRIMIN(i TEST WITH SEPARATING CALORIMETER. 


Matie by.. 191.. 

Test of.Steam. 

at .N. V., . 


Time 

Duration 

Gaufte 

Absolute 

Pounds of Water 

Mois- 

Quality 

of Run 

Pressure 

Pntssure 

Condensing Can 
or Flow Gauge 

Calorimeter 

1 

ture. 






i 


1 




313. The Chemical Calorimeter. — This instrument depends on 
the fact that certain soluble salts will not be absorbed by dry steam, 
but will be carried over by water, so that if the salt appears in the 
steam its presence indicates water. 
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Various salts have been used, but common salt, chloride of sodium, 
gives as good results as any. 

The proportion that the salt in a given weight of condensed steam 
bears to tlmt in a given weight of water drawn from the boiler, is 
the percentage of moisture in the steam. The method of analysis 
is a volumetric one, and is as follows: 

Add three or four ounces of common salt to the water in the 
boiler; after it is dissolved, draw from the boiler a small amount of 
water and condense an eciual weight of steam, which are to be kept 
in separate vessels. Add to each of them a few drops of neutral 
chromate of potash, but in each case an equal quantity, which 
amount may be measured by a pipette; the same amount should also 
be added to a vessel containing an equal weight of distilled water, 
in order to obtain a standard or zero point for the scale used in the 
analysis. 

By means of a graduated pipette a standardized solution of nitrate 
of silver is permitted to flow, a single drop at a time, into each of the 
three solutions. The effect is to cause the formation of the chloride 
of silver, and until that formation completely takes place the resulting 
liquid will be whitish or milky; but because of the presence of the 
chromate, the instant the chloride has all been precipitated the 
liquid turns red. The amount of nitrate of silver required is meas¬ 
ured by the graduated pipette, and gives the information regarding 
the salt present. 

The detailed directions for the test are as follows: 

Take in each case too cubic centimeters of liquid containing a 
few drops of neutral chromate of potassium, and use a standard 
solution holding xo.8 grams of silver to the liter; the following data 
were obtained in a test: 


AMOUNT OF NITRATE OF SILVER REQUIRED TO TURN loo c.c. RED 


lOO c.c. of 

First Trial. 

Second I'rml 

Third Trial. 


Condensed steam... 

O. I C.C. 

0.05 c.c. 

o.i c.c. 

a 

Water from the boiler. 

13.6 C.C. 

14.0 c.c. 

n 35 

h 

Distilled water. 

i 

0.05 C.C, 

0.05 c.c. 

0.05 C.C. 

c 
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Let the results with these three samples be denoted by a, b, and 
c respectively, and the amoimt of moisture by i “ we then have 

t - X •= f-~ (16) 
b-c 


This gives the following results: 



First Trial. i 

Second Trial. 

Third Trial. 

Amount moisture. 

0. i'-o.05 

0-95-0.0s 

0.1 — 0.05 


j4.0-0.05 



Av<jrage 0*0025. 


Instead of common salt, sulphate of soda may be used, and 
the percentage of moisture determined by the percentage of sul¬ 
phuric acid present in the steam as compared witli that in water 
from the boiler. 

It will be noted that this method of determining moisture is rather 
complicated, and, on account of their evident limitations, none of 
the chemical methods are used. 

314. Universal or Combination Calorimeters. — It sometimes 
happens that a throttling calorimeter fails during a test on account 
of excessive moisture in the steam, and that recourse must be had to 
some other form, like the separating. If proper arrangements are 
made it is usually possible to quickly make the change from one to 
the other, but sometimes this cannot be done. Further, there are 
cases in which nothing is definitely known about the quality of the 
steam to be tested, and in such cases the use of a so-called universal 
calorimeter may simplify matters considerably. These calorimeters 
are practically the combination of a throttling with a separating 
calorimeter, these two being used in that order. The best known 
of these is perhaps the Ellyson, illustrated in Fig. 391.* 

No extended description is required. If the throttling at the en¬ 
trance of the chamber is sufficient to dry and superbeat the steam, 
we have the ordinary throttling calorimeter. If, on the other hand, 
the steam after passing the opening is still wet, the amount of 

* Power, Oct. 37, 1908. 
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moisture remaining in it is determined in the lower chamber as in 
a separating calorimeter. Designating the items connected with 
the steam in the chamber by the subscript a, and those for the 
original sample of steam by the subscript i, we may write 

:e,f,+ (17; 



In this equation, since is determined in the separating attach¬ 
ment to the apparatus, all the quantities but are known, and 
this may therefore be computed. 

315. Comparative Value of C^orimeters. — These instruments, 
arranged in order of accuracy, are no doubt as follows: throttling; 
separating; Barrus superheating; Hoadley; continuous condensing; 
chemical; and lastly the barrel. 
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The ease with which the throttling and separating instruments 
can be used, their small bulk, and great accuracy, render them of 
chief practical importance. 

The throttling calorimeter can be used only for steam with com¬ 
paratively small amounts of moisture, as explained in Article 306; 
but the separating instrument is not limited by the amount of 
moisture entrained in the steam. It is not, however, adapted for 
superheated steam, nor can the results be determined as quickly 
as with the throttling instrument; when carefully handled the accu¬ 
racy is, however, substantially the same. 
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THB ENGINE INDICATOR. 

316. Uses of the Indicator. — The inciicator is an instrument for 
drawing a diagram on paper which shall accurately represent the 
various changes of pressure on one side of the piston of an engine 
during both the forward and the return stroke. 

The general form of the indicator-diagram for a non-condensing 
steam engine is shown in Fig. 392; the ordinates of the diagram, 



measured from the line GG, are proportional to the pressure per 
square inch above the atmosphere; measured from the line HH, 
are proportional to the absolute pressure ix;r square inch acting 
on the piston. The abscissa corresponding to any ordinate is 
proportional to the distance moved by the piston. BCDG is the 
line drawn during the forward stroke of the engine, GEFAB that 
drawn during the return stroke. The ordinates to the line BCDG 
represent the pressures acting to move the piston forward; those to 
the line GFB represent the pressures acting to retard or stop the 
motion of the piston on its back stroke. The ordinates intercepted 
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between the lines represent the effective pressure acting to urge the 
piston forward. Since the abscissas of the diagram are propor¬ 
tional to the space passed through by the piston, and the inter¬ 
cepted ordinate to the effective pressure acting on the piston, the 
area of the diagram must be proportional to the work done by the 
steam on one side of the piston, acting on a unit of area and during 
lx)th forward and retu n stroke. 

From an indicator-diagram taken from a steam engine can be 
obtained, by processes to be explained later: i. The quantity of 
power develoj)ed in the cylinder, and the quantity lost in various 
ways, —by wire drawing, by back pressure, by premature release, 
by mal-adjustment of valves, leakage, etc. 

2. The redistribution of piston pressures at the crank-pin, through 
the momentum and inertia of the reciprocating parts, and the 
angular distribution of the tangential component of the piston pres¬ 
sure; in other words, the rotative effect around the path of the 
crank. 

3. ff'aken in combination with measurements of feed-water or of 
the exhaust steam, with the amount and temperatures of condens¬ 
ing water, the indicator furnishes opportunities for measuring the 
heat losses which occur at different points during the stroke. 

4. The indicator-diagram also shows the j)osition of the piston 
at times when the valve motion opens or closes the steam and 
exhaust jjorts of the engine. It also furnishes information regard¬ 
ing the general condition of the engine, and the arrangement of 
the valves, the adequacy of the ports and i)assagcs, and of the 
steam or the exhaust jiipes. 

317. Indicated and Dynamometric Power. — The engine indicator 
is used in most engine tests to measure the force of the working 
medium acting on a unit of area of the jiiston. A dynamometer 
of the absorbing or transmission tyi>e (see Chap. X) is used to 
measure the work delivered by the engine. The work is usually 
expressed in horse power, one horse power being- equivalent to 
33,000 foot-pounds pe'r minute. The work shown by the in¬ 
dicator-diagram is termed the Indicated Horse Power (I.H.P,); 
that shown by the dynamometer. Dynamometric or De^xdoped 
Horse Power (D.H.P.), or Brake Horse Power (B.H.P.). 
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The mean effective pressure (M.E.P.) per unit of area acting on 
the piston during one complete cycle is obtained from the indicator- 
diagram. This quantity, multiplied by the area of the piston in 
square inches and by the distance traveled by the piston per stroke 
in feet, will give the w'ork done by the working substance per 
cycle in foot-pounds. Multiplying by the number of complete 
working cycles i)er minute and dividing by 33,000 will give the 
work done by the working substance in horse power, that is, the 
I.H.P. 

Thus, let p equal the mean effective pressure in pounds per 
square inch, I the length of stroke of the engine in feet, a the area 
of the piston face in square inches, and n the number of cycles per 
cylinder end per minute. Then the work done per minute by the 
working substance acting on one side of the piston is 

I.H.P. - (I) 

33,000 


The numerical difference between the I.H.P. and the B.H.P. 
of an engine must give the power lost in friction, so that 


I.H.P. - B.H.P. == Friction loss, 
and 

= Mechanical Efficiency. 

J.rl.P. 


(2) 

(3) 


318. Early Forms of the Steam-engine Indicator. — Watt and 
McNaught —The steam-engine indicator was invented by James 
Watt, and was extensively used by him in perfecting his engine. 
The indicator of Watt,* as used in 1814, consisted of a small steam- 
cylinder AA, a.s shown in Fig. 393, in which a piston was moved by 
the steam-pressure, against the resistance of a spring FC. The 
end of the piston-rod carried a pencil, which was made to press 
against a sheet of paper DD, moved backward and forward in 
conformity to the motion of the piston. By this method a diagram 
was produced similar to that shown in Fig. 393. 

McNaught’s indicator, which succeeded that of Watt and was in 
general use until about i860, differed from the form used by Watt 

♦ See Thurston’s Engine and Boiler Trials, pi^e 130. 
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principally in the use of a vertical cylinder, instead of the sliding 
panel, which was turned backward and forward on a vertical 
8| axis, in conformity to the motion of the 

piston. 

319. The lUchards Indicator.* The Rich¬ 
ards indicator was invented by Professor C. B. 
Richards about i860; it contains every essen¬ 
tial constructive feature found in recent indi¬ 
cators, and may be considered the protot3q)e 
from which all other indicators differ simply 
in details of workmanship, form, and size 
of parts. 


Fio. 393. — Watt’s 
Indicator. 

The construction of this in¬ 
dicator is w^ell shown in Fig. 

J94, from which it is seen to 
consist of a steam-cylinder 
AA, in which is a piston B, 
connected by a rigid rod with 
the cap F, The movement 
of the piston is resisted by 
the spring CJ? in such a man¬ 
ner that its motion in either 
direction is proportional to 
tlje pressure. The motion of 
the piston-rod is transferred 

, Fig. 394. — Richards Indicator. 

to a pencil at K, by links 

which are so arranged that the pencil moves parallel to the 

* See the Richards Indicator, by C. B. Porter; New York, D. Van Nostrand. 
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piston B, but through a considerably greater range. The indi¬ 
cator-spring can be taken out by unscrewing the cap E, removing 
the lop of the instrument and unscrewing the ])iston B, and another 
spring of a different strength can be substituted. The drum OR 
is made of light metal, mountc'd on a vertical axis, and provided 
with a spring arranged to resist rotation. The drum is connected 
to the cross-head or a reducing motion by a cord, and is given a 
motion in one direction by the tension transmitted through the 
cord and in a reverse direction by the indicator drum-spring. The 
paper on which the diagram is to be drawn is wrapped smoothly 
around the drum OQ, being held in place by the clips PQ. The 
indicator is connected to the steam-c\linder by a pi])C leading to 
the tlcarance-space of the engine, a cock, 7 ’, being screwed into 
this pipe, and the indicator connected to the cock by the coupling U. 



I’lG. 395- —Thompson Indicaior. Fig. 396. —Section, Thompson 

Indicator. 


320. The Thompson Indicator. —This indicator is shown in Figs. 
395 and 396. Tt differs from the Richards indicator yirincipalljsin 
the form of the parallel motion, form of indicator-spring, and 
details of workmanship. The parts of the instrument are much 
lighter, and it is better adapted for use on high-speed engines. 

The construction is essentially the same as the Richards; the 
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method of changing springs should be thoroughly xmderstood, and 
is as follows: Unscrew the milled edged cap at the top of the steam- 
cylinder; then lake out piston, with arm and connections; disconnect 
pencil-lever and piston by unscrewing the small milled-headed screw 
which connects them; unscrew the spring from the cap and from 
the piston, substitute the one desired, and put together in same 
manner, being careful, of course, to screw the spring up firmly 
against cap and down to the piston-head. The method of chang¬ 
ing springs is simple, easy, and convenient, and does not require 
the use of any wrench or pin of any kind. 

The position of the atmospheric line on the drum may in this indi¬ 
cator be changed by regulating the position of the small screwed 
head A, Fig. 396, on the piston-rod. 

321. The Tabor Indicator. — The Tabor indicator, shown in Figs. 
397 and 398, differs from other indicators principally in producing 



Fig. 397. —Tabor Indicator. Fig. 398.—Section, Tabor Indicator 


the parallel motion of the pencil by a pin moving in a peculiarly 
shaped slot. It also differs in details of construction and in form 
of the indicator-spring. 

The method of changing springs in the Tabor indicator is as 
follows: Remove the cover of the cylinder, remove the screw be¬ 
neath the piston, unscrew the piston from the spring and the spring 
from the cover and replace with the spring desired. When the 
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lower end of the piston-rod is introduced into the square hole in 
the center of the piston, care must be taken that it sets fairly in the 
hole before the screw is applied. Unless such care is observed, the 
comers may catch and cause derangement. The tension on the 
drum-spring may be varied by removing the paper drum, loosening 
the thumbscrew which encircles the central shaft, lifting the drum- 
carriage so as to clear the stop, and then winding the carriage in 
the direction desired. 

322. The Crosby Indicator. — The Crosby indicator is shown in 
Figs. 399 and 400. It differs from those already described in the 



Kg. 399. —Crosbv Indicator. 


form of piston and drum-springs and in the arrangement for pro¬ 
ducing accurate parallel motion. 

The special directions for this instrument are given by the manu¬ 
facturers as follows: 

To remove the piston, spring, etc., unscrew the cap, then, by 
the sleeve, lift all the connected parts free. This gives full access 

traits tis dm Mid oil Idom. 
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To detach the spring, unscrew the cap from spring-head, then 
unscrew piston-rod from swivel-head, then with the hollow slotted 
wrench unscrew the piston-rod from the piston. To insert a 
spring, simply reverse this process. Before setting the foot of the 
spring unscrew G slighdy, then, after the piston-rod has been 
firmly screwed down to its shoulder, set G up firmly against the 
bead, and thereby take up all lost motion. 



Fig. 400 — Section, Crosby Indicator. 


It is often desirable to change the position of the atmospheric line or^ 
the paper. This can easily be done by unscrewing the cap from 
the cylinder and raising the sleeve BB which carries the pencil- 
movement. Then turn the cap to the right or left, and the piston- 
Tod will be screwed off or on the swivel E, and the position of the 
atmospheric line will he raked or lowered. 
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Never remove the pins or screws from the joints K, I, L, M, 
but keep them well oiled with refined porpoise-jaw oil, which is 
fuxfiished with each instrument. 

The tension on the drum-spring should be increased or dimm- 
ished according to the speed at which the instrument is used, by 
means of the thumb-nut on top of the drum-spindle. 

323. Indicators with External Springs. — It will be pointed out 
later more in detail that the varying temperature to which indi¬ 
cator-springs are healed in actual service has a certain effect in 
changing the scale of spring. This fact has of late years become 
of greater importance on account of the high temperatures encoun¬ 
tered in case highly superheated steam is used and on account of 
the highly heated products of combustion in gas engines. Pro¬ 
vision can be made for cooling the ordinary form of spring, either 
by using a water-cooled indicator cock or by water-jacketing the 
spring barrel, but in the past few' years indicators with external 
springs have found their way into the market. 

There are two main types of such external spring indicator= 
In the one the spring is flat, is fixed at the end away from the pi*' 

barrel of the indicator and is Aca 
over a fulcrum whose position along 
the spring can be regulated. This 
type is illustrated by the Bachcldcr 
indicator (see Fig. 401). The ad¬ 
vantage of this construction, is that 
the spring is kept cool, and that 
two or three springs at most can be 
made to cover the entire range of 
ordinary pressures, since, by change 
of fulcrum, one spring may serve 
Fig. 401.-Bachelder Indicator, for a number of different scales. 

The main objection to the indicator 
would seem to be the chances of error involved in setting the 
fulcrum to the proper point. This of course could be taken care 
of by calibration. It should be stated that this indicator was 
on the market some time before the second type about to be 
described was developed. 
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In the second type the spring is of the ordinary form; in fact, 
American manufacturers have developed this indicator so that the 
springs of the ordinary instrument may be used interchangeably. 



Fig. 40S.—Various Types of Extf.rnal Spring Indicators. 


This indicator has for the past six or eight years gone through a 
course of development during which it assumed a variety of forms, 
some of which are shown in sketch in Fig. 402.* The problem 
* Haeder, Der Indicator, p. 13. 
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seemed to be mostly one of reducing the weight of the nroving 
parts without sacrificing strength and necessary rigidity. To-day 

the springs are used either in tension 
or compression, and each type of spring 
has its advocates. It is claimed for 
the tension spring that it will not 
buckle over and bind the piston, but 
it is pointed out also that in the tension 
spring the force on the piston is trans- 




Fi(.. 40.5 .—Tabor Indicator 
WITH External Spring. 

mitted to the 
outer end of the 
spring through 
a rather long 
and slender 
rod, which, 
being under 
compression, 
may itself show 
signs of buck¬ 
ling. 

Figs. 403 and 
404 illustrate 
two indicators 
having the com¬ 
pression form 

of indicator spring. The first one is a Tabor, the second an 
American Thompson. Fig. 405 shows several views of a Star 
indicator having the tension form of spring. Another indicator 


Fig. 404. — American Thompson External Spring Indicator. 
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with the same type of spring is the Crosby continuous (see Fig. 
406). 

324. Indicators for Ammonia Machines. — The indicators manu¬ 
factured for use with the steam and the gas engine are made of brass 
or similar material containing copper, and are hence unsuited for 
use with ammonia or other vapor which attack this metal. For 
use in testing refrigerating and similar machinery, most of the 
manufacturers make an all iron or steel indicator, and care should 
be taken to see that such instruments are used in these tests. 

In all the types so far described, the piston must be compara¬ 
tively loosely fitted in the cylinder to prevent excessive friction 
and binding at high temperatures, and as a result there is always 
more or less leakage to the upper side of the piston and from 
thence into the atmosphere. This is practically nonprcventable 
in this form, as the upper side of the piston must be freely open to 
the atmosphere in order that the atmospheric line may be correctly 
traced and that the piston and spring may operate properly. The 
leakage of ammonia vapor is naturally not desirable, and to i)re- 
vent such leakage various forms of indicator have from time to 
time been produced. The most common among these is the dia¬ 
phragm indicator, in which a diaphragm takes the place of the 
ordinary piston spring or piston and sj)ring. This enables com¬ 
plete isolation of the cylinder from the atmosphere, but has the 
disadvantages that the scale of the spring is not uniform, deflec¬ 
tions decreasing as the pressure rises, and that the amount of 
motion obtainable is so small as to necessitate excessive multipli¬ 
cation in order to obtain a diagram of reasonable height. This 
process is apt to introduce serious errors if carried out by mechan¬ 
ical linkages in the ordinary way. In one of the optical indicators 
described below, it is effected in such a way as to introduce only 
negligible errors. 

325. Small Piston Indicators. — The spring which would be re¬ 
quired if the ordinary indicator were to be used with very high 
pressures, such as those attained in gas engines and hydraulic 
accumulators, might be so bulky that it could not well be fitted 
into the space available for it. This would mean either the manu¬ 
facture of special indicators for use with such high pressures, or 
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the making of the ordinary indicator in such a way that springs 
of usual size could be used with it. Either method means addi¬ 
tional expense, in the purchase of two indicators or in the pur¬ 
chase of a number of springs of widely different strengths. 

To make the ordinary indicator with the ordinary supply of 
springs available for use over wide pressure ranges, many of the 
manufacturers furnish what are known as small piston indicators. 
In these the indicator cylinder bore is continued downward with 
a diameter of such size as to accommodate a piston with one-half 
or one-quarter the area of the ordinary piston. By using the small 
piston instead of the full-sized one, the ordinary springs can be 
used for the measurement of much higher pressures. The use 
of a half-size piston amounts to doubling the scale of the spring; 
the use of a quarter-size piston is the same as quadrupling the 
scale. 

326. Large and Small Indicators. — In the early days of the 
indicator the speeds of rotation of engines and the pressures used 
were both low, but during recent years both have been materially 
raised. As will be shown below, the errors of indicators increase 
very rapidly with the speed and with the pressure because of inertia 
effects, which cause the various parts to over- and under-travel 
and run ahead or behind their proper positions. These errors can 
be materially reduced by decreasing the weights and the travel of 
the moving parts, and most of the makers of indicators now pro¬ 
duce a large size for ordinary speeds and pressures and a small 
size for high speeds and pressures. The small size naturally gives 
a smaller diagram than the other, but it is found that these small 
diagrams give results with smaller errors than result from the 
attempt to get larger ones. 

327. The Continuous Indicator. — In .some types of engines the 
successive working cycles traced through a given period of opera¬ 
tion vary so radically in amount of energy developed that an aver¬ 
age determination of power, obtained by evaluating a series of 
diagrams taken one at a time and at stated intervals, may be very 
far from a true mean value. In some cases, as, for instance, in 
rolling-mill engines, the time of operation is so short that even this 
procedure is not possible. To take a series of diagrams over one 
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another on the same card is not a satisfactory method on account 
of the difficulty of integrating all the cards or of locating the mean 
card. Conditions found in indicating gas engines which govern 
on the hit-and-miss principle are somewhat similar, although the 
cycles traced between two miss periods are usually not so numerous 
or as varying in size as in the case of a rolling mill or hoisting en¬ 
gine. For obtaining the average power developed in such engines 
with a fair degree of accuracy, the so-called continuous indicator 
does good service. This is, in principle. Just like the ordinary 
indicator, except that provision is made for moving the paper a 
certain small distance around the indicator-drum every time the 
latter oscillates. The means for doing this are various. Some¬ 
times two drums are used, the roll of paper being w'ound from one 
onto the other. In most cases, however, two small spools are 
located inside of the indicator-drum, the paper passing from one 
spool around the outside of the drum, winding up on the second 
spool. A modification of this idea is used in the Crosby con¬ 
tinuous indicator, Fig. 406.* The small roll seen near the slot 
in the main drum holds the supply of paper, which after passmg 
around the main drum is wound on a concentric drum inside. 
The travel of the paper may in this indicator be adjusted so tliat 
from 6 to 100 diagrams may be obtained per foot of paper. Fig. 407 
shows an example of the work done, the series being taken from a 
plate-mill engine, starting with the friction load, showing the pass, 
and ending again with the friction load. The points of admission 
and of release are marked with the same numbers for each diagram. 

328, The Errors of the Piston Indicator. — There has always 
been a tendency on the part of engineers to regard the indicator as 
an instrument of great precision, and the fact is that it can be made 
one of the most precise of any used by the engineer by great care 
in its selection and operation. As ordinarily handled it gives results 
which may be in error anywhere from five to as much as ten per 
cent, and it is doubtful if it ever gives results closer than two per 
cent, except in the hands of an expert in its use. 

As used for the measurement of power, the drum of the indicator 
should move in synchronism with the piston of the engine, follow- 

* Power^ Nov, 23, 1909. 



THE ENGINE INDICATOR 


595 


ing its changing speed accurately, and 
the pencil point should move up and 
down in a vertical line in exact phase 
with the varying pressure within the 
cylinder. With modem constructions 
the pencil motion is theoretically suf¬ 
ficiently accurate to allow one to 
assume that the pencil j)oint moves 
vertically and that it multiplies the 
motion of the indicator-piston by ex¬ 
actly the same amount at every jx)int 
of its motion. It is never safe, how¬ 
ever, in the ordinary case, to arbitrarily 
assume that the motion of the drum 
is correct (that is, that the reducing 
motion is accurate), or that the vertical 
distances traveled by the pencil j)oint 
give the pressures within the cylinder 
correctly (that is, that the scale of the 
spring is correct). 

The principal sources of error are: 

(a) Inaccurate springs, that is, sj)rings 
in which the deflection jjcr unit increase 
of load is not the same for the entire 
range of the spring, and s[)riDgs in 
which the deflection per unit of load 
is not what it is assumed to be and 
what is stamptxl on the spring. To 
these errors, which can be more or less 
closely determined by spring calibration, 
see Art. 329, must be added that 
introduced by the uncertainty as to 
the real action of the spring under 
the varying temperatures to which it 
is subjected. 

(b) Weak springs, that is, springs 
which are too weak to rjuickly damp 



Fig. 407. — DIAOR. 4 MS taken prom a Plate Mill Engine by a Continuoits Indicator. 
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out vibrations produced by the inertia effects of the attached 
parts* 

(r) Poorly fitted and guided pistons, making tlie pressure actu¬ 
ally applied to the spring something different from that existing in 
the cylinder below the piston. 

(d) Improper connections to the cylinder of the engine under 
test, resulting in the application of pressures below the indicator- 
piston different from those existing in the engine cylinder. 

(c) Lost motion in the piston connections and in the joints of 
the pencil mechanism. 

(/) Non-parallelism between the indicator-piston travel and the 
axis of rotation of the paper drum. 

(g) Inertia effects of indicator-piston, jiiston txmnections, and 
writing mechanism, causing late starting and stopping of vertical 
motions. 

(h) Excessive pressure applied to the pencil point when tracing 
the diagram, resulting in distortion due to the friction of the point 
on the paper of the drum. 

(i) Inaccuracies and lost motion in the reducing mechanism used 
to transmit the travel of the crosshead or other recij)rocaling part of 
the engine to the indicator-drum in reduced magnitude. 

(j) Inertia effects in this reducing mechanism, causing it to lag 
behind the phase of the engine’s motion. 

(k) Stretch in the string or other material used to connect 
the reducing mechanism or motion with the drum of the indi¬ 
cator. 

(/) Inertia effects of the drum and connected parts, causing the 
moving parts to lag behind the phase of the reduced motion trans¬ 
mitted to it. 

All of the sources of error enumerated exist in the ai)])lication of 
every piston type of indicator, and it is only by reducing the effect 
of each to the minimum possible amount that a fair degree of accu¬ 
racy can be attained. The use of small indicators of light weight 
and fitted with strong springs is the only satisfactory means of 
reducing inertia effects, and even these fall at excessively high 
speeds of rotation, say above five hundred revolutions per minute 
in the average case. The methods of calibrating for and guard- 
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ing against the other principal errors are given in the following 
paragraphs. 

329. Calibration of Indicator-Springs. — The Indicator-spring is 
usually a helical spring; when m use it has one end screwed to the 
upper head of the cylinder, and the other screwed to the piston, 
except in the case of the Crosby spring (see below). To insure accu¬ 
rate results the spring must be accurate, and there must be no play 
or lost motion between the piston and the cylinder-head, and the 
spring must receive and deliver the force axially. The number of 
pounds pressure on the square inch required to move the pencil 
one inch is stamped on the spring, and the springs are designated 
by that number, which is called the scale of the spring. It is 
essential to know the error, if any, in the scale. A spring can be 
readily removed and another substituted when desired; probably 
the maximum compression should not exceed one-third of an inch. 
With the usual multiplication of 6 to i, this would mean a pencil 
travel equal to () X J — 2 inches, so that the allowable maximum 
pressure in the case of say an 8o-pound spring would be 160 pounds. 
A rule given by one of the manufacturers is to multiply the scale 
by and then to subtract 15 pounds to get the allowable maxi¬ 
mum pressure. For the 8o-pound spring this would give 185 
pounds. 

The spring is in many respects the most imjx)rlant part of the 
indicator, as the form of the diagram is directly affected by any 
enor. The following cuts. Figs 408 to 410, show some of the princi¬ 
pal forms adopted by a few of the makers, and it may perhaps be 
sufficient to state that within the range of action of the indicator 
any of these forms can be made practically perfect. 

The best method of calilmating an indicator spring is-still a 
mooted question. It is admitted by all that the conditions during 
calibration should as nearly as possible duplicate those during use, 
but so far no calibrating device which will do this has been pro¬ 
duced. Roughly all the methods so far used divide naturally into 
two classes: 

(a) Dead-weight calibration, and 

ih) Fluid-pressure calibration. 

Either method may be used with the spring hot or cold. 
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The term dead-weight calibration is here used to designate anj- 
method in which the pressure is applieti to the piston or spring 
mechanically and the reaction of the spring measured by suitable 
weighing apparatus. 

A convenient and simple apparatus for this purpose is that devised 
by Professor Cooley of Ann Arbor. In this case the indicator con¬ 
taining the spring to be tested is supported on a bracket above the 
platform of a platform scale or balance. Force is applied to the 
indicator-piston by means of a rod which can be lengthened or 





Pig, 408. —Thompson 
Spring. 


Fig. 409 —Tabor 
Spring. 


Fig. 410.Crosby 
Spring. 


shortened by turning a hand-wheel. This rod terminates above 
in a cap nicely fitted to the underside of the indicator piston, while 
the lower end rests on a pedestal standing on the platform of the 
balance. Any force applied to compress the spring is registered 
on the scale beam. 

The reading of the scale beam is that of the force acting on the 
face of the piston, which is usually some even fraction of a square 
inch in area, one-half in the ordinary indicator. The spring is 
made to deflect a certain distance by such a force, but its scale 
is set in terms of pressure per square inch. Thus, a fifty-pound 
spring is one which moves the indicator-pencil one inch to indicate 
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a pressure of fifty pounds per square inch, but in an ordinary indi¬ 
cator with a piston havbg an area of onc-half square inch this 
spring will cause a movement of one inch when an actual load 
of twenty-five pounds is applied to the face of the piston. It thus 
follows that the reading of the platform scale would in this case 
have to be multiplied by two to give a value comparable with the 
indication of the spring. In general, the reading of the balance 
must be multiplied by the reciprwal of the area of the indicator- 
piston in square inches to obtain the load on the piston in jiounds 
per square inch. 
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Fig. 4h. — Sample Indicator-Spring Caubration Diagrams. 


The spring is calibrated by raising the jircssure in even incre¬ 
ments, generally such as will give pencil positions alxiul a fifth of 
an inch apart, and rotating the indicator-drum when each desired 
value is reached, obtaining a line upon the paper on the drum in¬ 
dicating the pencil position for each pressure. After the highest 
desired pressure is reached the pressure is decreased by similar 
amounts, marks being made at each value as before. It will 
generally be found that the two marks obtained for the same 
pressure value do not correspond (see Fig. 411), those obtained 
when reducing the pressure being above those obtained when 
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raising the pressure. This is due to friction and similar retard¬ 
ing forces. The average between every two corresponding lines 
is to be taken as the reading for that pressure. It is very impor¬ 
tant never to overrun a setting going up or down and then back 
up to it, as it is evident that the retarding forces will tlien be 
acting in the w'tong direction. 

Another dead-weight tester, a modification of the platform-scale 
idea, has been lately brought out and patented by Mr. A. B, 
Calkins.* 

Fig. 412 shows that this apparatus consists essentially of a heavy 
vertical standard, S, supix)rting a comix)und lever system, L, X,, L^. 
The lower lever is so arranged that steel scales F may be inserted 
according to the scale of indicator-spring to be tested. Certain 
weights, G, are placed on the poise E, also according to the scale of 
the spring. The weight of the counterpoise H is constant. The 
apparatus is furnished with leveling screws K in the base and 
should be erected on a solid foundation and carefully leveled up. 
The indicator to be tested is attached to the connection J'. The 
piston J fits against the underside of the indicator-piston. The 
rod of piston 7 is so constructed that its length may be varied by 
turning the knurled heads IF. The lower end of the piston-rod 
rests against the lever L. The method of testing the indicator¬ 
spring is as follows: Insert proper scale F and place proper weights 
G on the poise £, as shown by a card of directions furnished. Place 
the vernier C on the zero of the scale F. Attach the indicator to 
7 ' and adjust the length of the piston-rod so that J is just in contact 
with the indicator-piston. The proper balance of the ap})aratus 
will then be shown by the pointer B coinciding wu'th the stationary 
hair line A. In this position draw the atmospheric line. Next 
run the poise E along the scale F to any desired position. This 
will put the apparatus out of balance and throw the jointer B to 
the left of the line A. Restore the balance by adjusting by means 
of I and I'. Draw a second line on the indicator-drum which will 
represent the pressure as indicated on the scale F. A series of 
lines at definite pressure intervals going up and down may thus 
be obtained, as in the apparatus previously described. 

* See Power for Aug. lo, 1909. 
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Neither of the above types of dead-weight apparatus is easily 
adapted for use with steam should it be desired to test springs hot. 
This can be done in the apparatus shown in Fig. 413, which is of 
German origin.* In the left-hand figure the indicator is shown 
loaded by dead weight as if under steam pressure, while the right- 
hand shows the method of attachment and of loading for vacuum 
springs. Steam is admitted for heating only, through a lateral 
connection A (see plan view), the method of confining it being 
shown in the detail figure B. 

Fluid-pressure calibrating devices nearly always employ steam 
to load the piston and deflect the spring. Water is not a suitable 
medium, because it is difficult to maintain any given pressure owing 
to leakage past the piston. To make the piston sufficiently tight to 
prevent this would introduce excessive friction and probably make 
the indicator useless. In general, some dead-weight or equivalent 
apparatus, as, for instance, a mercury colunm, is used for measuring 
the pressure exerted on the piston, because the determination of 
this pressure by means of a gauge would not give values accurate 
enough and would, moreover, give values depending uj)on the 
accuracy and the calibration of the gauge. 

A very accurate arrangement for laboratory use consists of a 
closed vessel into which steam can be introduced at various con¬ 
trolled pressures and to which can be attached the indicator and 
a long mercury column. By varying the pressure by convenient 
increments and determining the value of that pressure from the 
reading of the mercury column, very consistent and accurate results 
can be attained. The apparatus has the disadvantage that the 
mercury column must generally be very long and unwieldy. 

A simple device is shown in Fig. 414. consisting of a cylinder, A, 
supported on a bracket alx)vc a pair of scales and fitted with a 
piston having an area of cross-section exactly the same as the 
indicator-piston. A rod from this piston extends downward onto 
a platform scale, as shown in the figure. The indicator is con¬ 
nected by suitable piping to the upper end of the cylinder. The 
steam for the purpose of calibration is adjusted in pressure by a 

• Roser, Pdifung der Indicatorfedem, Zeitsthrift d. V. D. Ingenieure, igoa, 
P-1575- 
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valve, E, before it enters the drum, B. The pressure of the steam 
in the drum is shown on the attached gauge. This steam pressure 
I exerts an upward pressure on 

the indicator-piston and a 
downward pressure on the 
piston in the cylinder, A, 
which latter, corrected for 
* dead weight, is measured on 

weighing-scales shown. 

A modification of this ap- 

° ■ # paratus is shown in Fig. 415, 

11 S which consists of a vessel. A, 

I « A into which steam can be ad- 

— °i mitted at any desired pressure. 

- M— The pressure in the vessel acts 

a on the piston, K, which is 

one-half square inch in area, 
and it may be measured by 
Fig. 414. —Indicatok-Spkisg Testing the attached scale-beam. The 
Apparatus. pressure acts on the 

indicator-piston. By taking simultaneous readings of the pressure 


Fig. 414. — Indicator-Spring Testing 
Apparatus. 



on the piston, K, and on the indicator-piston, the calibration may 
be performed substantially as described. This apparatus has 
proved satisfactory after an extensive use. 
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330. Ck>mpajrison of Dead-Weight and Flmd-Preseure Methods of 
Calibration, and Hot vs. Cold Calibration.* The advantages of 
the dead-weight methods may be outlined as follows: 

(a) Comparatively low cost of apparatus. 

(b) Possibility of placing apparatus in any desirable place. 

(c) Easy and quick manipulation. 

Opposed to these are the following disadvantages: 

(a) The axis of the indicator-piston must Ih; set accurately 
vertical. 

(b) The rod transmitting the pressure must be centered accu¬ 
rately on the piston. If either of these items is neglected, eccentric 
load may introduce excessive piston friction. 

(c) It is in general not easy to control spring temperature, if the 
springs are to be tested hot. 

(d) The scale of the spring depends upon the accurate determina¬ 
tion of the diameter of indicator-piston. 

Fluid-pressure calibration, unless compressed air is used, gener¬ 
ally means the employment of steam, that is, it is practically hot 
calibration. The great advantage of this method is undoubtedly 
that the condition of the indicator, pistons and spring approximates 
more closely to the actual condition of use than if the spring were 
tested cold. One or two disadvantages of the method may, how¬ 
ever, be cited. The first is generally greater cost of apparatus, 
less quick and easy manipulation, and less choice of location of 
the apparatus. Further, the temperature which an indicator and 
its spring attains during use is generally an unknown quantity. 
It is probably certain that the spring and piston get hotter during 
calibration than they were during most tests, especially if the appa¬ 
ratus is not quick in its regulation of steam pressure. Tests on 
spring temperatures have been made, but they do not fully agree, 
the results showing temperatures anywhere from 20 to 120 degrees 
less than the temperature of the steam. It should be pointed out 
here that the fit of the piston has a good deal to do with the tem¬ 
perature of spring and of spring chamber. It has been pointed 
out, however, that the error introduced by having the spring 

* For detailed information on these points, see the above mentioned article by 
Roser in the Zeitschrift. 
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temperature not quite what it was on the test is generally so 
small that it comes within the error due to the other imperfec¬ 
tions, as, for instance, lost motion, inaccurate straight-line motion 
of pencil, etc. 

As far as present practice is concerned, American engineers still 
prefer hot calibration under fluid pressure, i.e., with the use of steam. 
German engineers, in the adoption of a code, under date of May 5, 
1906,* have gone on record in favor of dead weight calibration. 
The provisions of this code are in brief as follows: 

1. Every indicator whose spring is to be calibrated should first 
be examined with reference to piston friction, fit of piston, and 
lost motion in the pencil mechanism. 

2. Springs are to be tested by dead-weight calibration. 

3. Springs should be tested in the indicator to which they belong. 

4. Every spring which during use attains temperatures higher 
than ordinary, should in general be tested both hot and cold, at 
room temperature and at about 212° F. 

5. Springs should be tested at several pressure intervals, at least 
5 above the atmosphere and at least 3 below the atmosphere. The 
report should show the detail results for each interval. 

6. The diameter of the indicator piston should be determined 
at room temperature. 

With reference to paragraph 3, the code jx)ints out that to test 
the spring in the indicator to which it belongs is the best way to 
correct for inaccuracies in the pencil mechanism. WTiile in use, 
indicators are subject to more or less jar, which scrv'cs to reduce 
the effects of piston friction, and it is consequently advocated to 
slightly jar the indicator when on the testing stand just before 
drawing the line for any given pressure interval. 

The second calibration advocated under paragraph 4 may be 
avoided by calibrating cold and then using a temperature correc¬ 
tion factor. For accurate work, however, this method can hardly 
be recommended because the factor is by no means a constant for 
all springs. The formula that may be used for this computation is 

Pk =“ Ph ~ « (<2 ~ ^1)] 

Beutadact Ingmeute uudei that claXe. 
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where 

Pi, — scale of spring at room temperature („ 

pt, «= scale of spring at some higher temperature 
a = a constant varying from .00019 to .00038, with an average 
of .00023. 

This equation clearly brings out the fact that heating the spring 
weakens it. 

The provision of paragraph 6 is based on the ground that the 
change of diameter of piston with temperature is not sufficient to 
appreciably affect the determination of the spring scale. 

331. Determination of Scale of Spring and the Evaluation of 
Diagrams taken with Faulty Springs. — It is always desirable 
to test springs before they are used on important work. This 
gives opportunity for rejecting at the outset springs which show 
serious lack of proportionality. In most cases commercial springs 
can be had which show but little variation from their nominal 
scales, and in such cases it is sufficiently accurate to proceed as 
follows: 

From the data obtained (see preceding form for recording) a cali¬ 
bration curve may be constructed with the mean ordinates as 
determined from lest as the ordinates of the curve and the true 
pressure readings as abscissas. Fig. 416 shows such a curve as 
constructed from actual test of a joo-pound sjwing used with a 
reduced piston (J size) in the indicator and tested cold. To use 
this curve, determine the mean ordinate from each indicator-dia¬ 
gram taken on an engine test. The mean effective pressure cor¬ 
responding to this ordinate may then be read directly from the 
curve. 

The above method results in negligible errors only when the 
sprmgs are not very far wrong, and above all, when they show 
satisfactory proportionality, as is the case with the spring for 
which the data is given in Fig. 416. When the latter is not the 
case and much depends upon the results of the tests, there are 
several methods that may be used to correct the results, all of 
which are, however, more or less laborious. 
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To illustrate the procedure, take the data contained in the table, 
page 6io, obtained on a calibration test of a nominally loo-pound 
spring tested hot. 



This spring shows a decided lack of uniformity, as the scales 
computed for the individual pressure intervals clearly show. There 
is not much use in computing the mean spring scale, as is some¬ 
times done, because in this case results varying from 97 to 107 
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pounds per square inch wiU be obtained, depending upon the 
method used. Further, on account of the decided variations in 
the pencil travels for the same pressure increment, it would be 
difficult to draw a just mean curve among all of the points. 


No. of 
Reading. 

Tme Pressure 
in Ibfi per 

SQ. m. « p 

Height of Ordinate 
Above Atmospheric 
Line, Mean of Up 
and Down Reading?? 

« h 

Scale of Spring 
for the Successive 
Intervals. 

P 

1 

IS 

.180 

83.4 

2 

30 

.320 

93-7 

3 

45 

.465 

96.7 

4 

60 

.610 

98.2 

S 

75 

.770 

97-4 

6 

90 

.910 

98.9 

1 

105 

1.050 

100,0 

8 

120 

1-175 

J02.1 

9 

135 

1-315 

102.6 

10 

150 

I -445 

103.7 


In such a case it is best to proceed as follows. Integrate the 
cards obtained on a test and determine the mean effective pressure 
for each, a.ssuming the spring correct, i.e., roo pounds to the inch 
of pencil travel. Then determine the mean M.E.P. of all the 
cards and pick out the card nearest the mean. To this card 
apply the correction following. If the cards do not all show 
approximately the same size, but if they differ materially, divide 
them into classes of approximately the same area, and apply the 
correction method to the mean of each class. This will give in 
either case a correction factor by which the M.E.P. of each card, 
as determined on the assumption of a correct spring, can be recti¬ 
fied. The reason for choosing mean cards at all is because it 
would l)e too much labor to apply the method to each of a prob¬ 
ably large number of cards. 

Suppose the diagram, Fig. 417, represents the mean diagram of a 
set. From the atmospheric line lay off vertically the successive 
pencil travels which correspond to equal pressure increments, 
as per table above. Next divide the diagram by lines parallel to 
the atmospheric line into a number of horizontal strips, as shown. 
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For each strip determine the mean ordinate in the usu^ way by 
planimeter and find the M.E.P. corresponding by multipljring by 
the spring scale belonging to the particular pressure interval. Thus* 
for the partial area III, for which the pressure interval is from 105 
to 120 pounds, the scale of the spring is, from tlie table, equal to 
>02,1 pounds. Finally, the total mean ordinate of the diagram is 
Ihe sum of the partial mean ordinates of the various strips, and 
this total mean ordinate divided by the mean ordinate obtained on 
the assumption that the spring is correct, will give the correction 
factor to be applied to all of the other diagrams. 



Another method of correction is to completely redraw tlie mean 
diagram chosen from the lot and from this determine tlie proper 
average M.E.P. 

To redraw the diagram, extend atmospheric line (Fig. 418), to 
left, and along OA lay off the successive pencil travels from the 
table, p. 610. Along OB lay off the intervals on the assumption that 
the spring is a correct loo-pound spring. Determine the line OC. 
Then for any point on the diagram whose ordinate is A’^, we can 
find, as shown, the corrected ordinate A'^, which determines one 
point, D, on the redrawn diagram. This same operation must be 
repeated until a sufficient number of points have been found to 
locate a new diagram accurately. From this the correct mean 
M.E.P. is then found in the usual way. 

It should be pointed out with respect to both of the correction 
methods above explained, that the work must be very carefully 
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done or else it is worse than useless. It would seem diat the last 
luetbod is open to greater objection on this score than the first. 



332. Other Errors in Indicators and Methods of Determining Their 

Magnitude. —Inertia Effects Due to Piston and Pencil Motions. — 
In theory, the pressure exerted by the spring should at all in¬ 
stants balance the pressure exerted by the working fluid on the 
piston. In practice, this may or may not be the case, because of 
die inertia of the indicator-piston and of the pencil mechanism. 



Suppose that the pressure of the working medium has been con¬ 
stant for some little time and that it then steadily decreases accord¬ 
ing to the law of the line abc, Fig. 419. 
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The pencil has followed the line ab, 6uid pressure and spring 
force balancing. Now, however, the pencil refuses to follow be, 
because a certain drop in pressure is necessary to overcome the 
piston inertia, even if we assume that the indicator is without 
friction. Hence the pencil draws line b b' until the pressure differ¬ 
ence is some value AP. The piston now commences to move 
downward, but, although at d the piston may drop as fast as the 
pressure, at that point the pressure difference is greater than AP, and 
hence the piston receives an acceleration downward. At e the 
forces apparently again balance, but owing to its momentum the 



Fi(j. 4io.D iagrau Showing Inertia Effects. 


indicator-piston then overshoots the mark, repeating the same 
thing below the actual pressure line along efg. 

Friction of the piston, not excessive but ordinary, modifies this 
action in that it acts as a dampener, and in most cases soon reduces 
the vibrations to zero. 

This action may often be observed in indicating a gas engine, 
because the range of pressure is high and the pressures rise and 
fall with great rapidity (see Fig. 420). A change to a stiffer spring 
is sometimes of benefit in toning down the amplitude of these vibra¬ 
tions, but unless these are excessive, dieir occurrence should rather 
be taken as a sign of a free working instrument. 
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Effect of Excessive Friction or Sticking of Piston, or Striking of 
the Pencil Mechanism. —The effects produced by some of these 
faults are in some cases very similar to inertia effects, and the two 



Fk;. 421. —Diagram Showing Excessive Piston Frktion. 


may sometimes lie confused. Thus, the waves in the exjiansion 
line of the diagram in Fig. 421 were most likely due to sticking of 



the indicator-piston rather than due to inertia, especially since 
there is no such effect noticeable at the beginning of admission 
at a. To help distinguish between the two effects, it may be said 
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that excessive friction or sticking of an indicator-piston sometimes 
affects the compression as well as the expansion line, while inertia 
effects only rarely show in the compression line. Further, inertia 
effects should be nearly harmonic vibrations, and if the wavy lines 
are redrawn to abscissas representing equal intervals of time, the 
curve obtained should be of the nature of a sine curve.* 

EJcc( of Excessive Pencil Friction. — Pressing the pencil too 
strongly against the paper gives a faulty diagram, the main effect 
being to make all events late, (see Fig. 422). 

Effect of Drum Striking the Stops. —This occurs usually at 
the inner stop, when the string is too long; too short a string may 



Fig. 423. — Kffecf of Drum Striking the Stops. 


simply pull in two. The effect is to cut a piece off the end of the 
card, as shown by the shaded areas in Figs. 423 and 424. In some 
cases this effect may be hardly noticeable and may escape observa¬ 
tion. It is best in every case, after an indicator has been applied 
and set in motion, to put one finger lightly on the top of the drum, 
when any striking of the drum will at once manifest itself by a 
distinct jar. 

Test for Parallelism of the Pencil-movement with respect to the 
of the Drum. — Parallelism between movement of pencil and 
axis of drum may be tested for by removing the spring from the 
indicator, rotating the drum, and drawing a horizontal line; then 
holding the drum stationary in various positions press the piston 

* See artidc by I'homas Hall, Powers August, 1906. 
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of the indicator upward throughout its full stroke, while the pencil 
is in contact with the paper. The lines thus drawn should be 
parallel to each other and perpendicular to the horizontal line. 

Tests of Drum-Motion and Adjustment of Drum-Spring .—The 
accuracy of the drum-motion depends on the form of the drum- 
spring, the mass moved, the length of the diagram, and the action 
of the connecting cord. 

Indicator-drums would revolve in a harmonic motion if the in¬ 
ertia of the mass could be neglected. The speed of rotation is 



greatest near the half-stroke of the piston; therefore, if the drum¬ 
spring tension can be adjusted so as to exactly counterbalance the 
effect of the inertia of the moving parts, the theoretical harmonic 
motion will be nearly realized. 

In most indicator drum-springs the tension increases directly 
in proportion to the extension. Since the speed of the drum is 
greatest at half-stroke, at this point the drum will run ahead of its 
theoretic motion if the spring tension is not sufficient to counteract 
the effect of the inertia of the moving parts. Therefore if the ten¬ 
sion of the drum-spring is adjusted to exactly balance the effect 
of inertia at half-stroke, the card should be as nearly as possible 
theoretically correct. To obtain the value of this tension is not a 
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simple matter. It depends upon the speed of rotation, the mass of 
the rotary parts, the initial drum-spring tension, the weight and 
stretch of the connecting cord, and the friction of the mechanism. 
The initial spring tension must of course be such that on the return 
stroke the spring can accelerate the drum at least as fast as the 
engine piston returns. Otherwise the string will at some part of 
the travel become slack, which leads to non-permissible errors. 

Concerning the stretch of the cord, care should of course be 
taken either to use connections as short as possible, or to use a 
material, like very fine piano wire, which w'ill not stretch. The 
objection to such materials in general is their excessive weight. 
If the length of the cord, or its quality with regard to stretch, is 
such that the error is not serious, and if the tension on the cord 
does not vary a great deal, it can furtlier be shown that the action 
of the deformation existing is such as not to disturb the propor¬ 
tionality between the motion of the piston and that of the drum, 
except for the action of friction that may exist. Hence in many 
cases the effect of the error introduced by stretch of cord becomes 
negligible. 

It must be evident that a mathematical determination of proper 
drum-spring tension becomes practically useless on accoimt of factors 
in the problem which are peculiar to each individual case. It is 
better, therefore, where it becomes necessary to know something 
about the error introduced in the diagram by inertia of moving parts 
and by varying tension in the cord, to rely upon actual tests. 

The total error introduced by inertia can be determined as fol¬ 
lows: Attaching the indicator to an engine, j)ermit it to run suffi¬ 
ciently long to harden the cord and the knots, then stop the engine, 
turn it over by hand, and find the length of the diagram with the 
speed so small as to eliminate the inertia; leaving the cords connected, 
run the engine at full speed: any inertia effect will be shown by an 
increase in the length of the diagram. This increase in length 
may be due partly to stretch in the indicator-cord caused by inertia 
of the rotatmg parts, and even with the best tension on the springs 
it may be sensibly lessened by the use of wire. A simple arrange¬ 
ment, consisting of a pin and connecting-rod leading to the face¬ 
plate of a lathe, the tool-rest being utilized as a guide, may be used 
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instead of an engine for obtaining complete determination of this 
error. The amount of error caused by over-travel of the drum has 



been found by experiment to be from 0.5 to 1.5 per cent at 250 
revolutions, with the best tension on the drum-spring. 
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It is often important to determine whether the drum-spring 
maintains a uniform tension on the cord, or whether it alternately 
exerts a greater or less stress. This may be determined by the 
instrument shown in Fig. 425. The apparatus consists of a wooden 
plate, A, on one end of which is fastened the brass frame, BB, 
carrying the slide, C, with its cro-sshead, J?. The head of the 
spring, i?, is screwed to the crosshead, while the other end is con¬ 
nected with the bent lever, G, carrying a pencil F. The coimecting- 
rod, E, which moves the slide, C, receives its motion from a crank 
not shown in the figure. The swinging leaf F holds the paper on 
which the diagram is to be taken. The indicator to be tested is 



Indicator. 250 Revolutions 

B 



Fig. 426. 


Indicator. 400 Revolutions 
C D 

-Diagrams Showing Variation in Drum-Spring Tension. 


clamped to one end of the plate A, and the drum-cord connected 
with the free end of the spring. The crank is made to move at 
the speed at which it is desired to lest the drum-spring. The 
paper is then pressed up to the pencil and the diagram taken. If 
the tension on the cord is constant, the lines which represent the 
forward and return strokes will be parallel to the motion of the 
slide; but if the stress is not constant, the j)encil will rise and fall as 
the stress is greater or less. The line drawn w'hen the cord has been 
detached from the indicator (Fig. 426) is the line of no stress. In 
the diagram, horizontal distance represents the position of the drum, 
and vertical distance represents strain on the cord. The perfect 
diagram would be two lines near together and parallel to the line 
of no stress, and would represent a constant stress, and conse¬ 
quently a constant stretch of the cord. 
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When the length of the cord and the amount it will stretch imder 
varying stresses arc known, the errors in the diagram due to stretch 
of cord caused by irregular stresses applied by the drum-spring can 
be caJciilated. 

333. Method of Attaching the Indicator to the Cylinder. — Holes 
for the indicator are drilled in the clearance-spaces at the ends 
of the cylinders in such a position that they are not even par¬ 
tially choked by any motion of the piston. These holes are fitted 
for connection to half-inch pipe: they are located in horizontal 
cylinders preferably at the top of the cylinder; but if the clear¬ 
ance-spaces are not sufficiently great they may be drilled in the 
heads of the cylinder, and connections to the indicators made by 
elbows. The holes for the indicator-cocks are usually drilled by 
the makers of the engine, but in case they have to be drilled great 
care must be exercised that no drill-chips get into the cylinder. 
This may be entirely prevented by blocking the piston and admit¬ 
ting twenty to thirty pounds of steam pressure to the cylinder. 

The connections for the indicator are to be made as short 
and direct as possible. Usually the indicator-cock can be screwed 
directly into the holes in the cylinder, and an indicator attached 
at each end. In case a single indicator is used to take diagrams 
from both ends of the cylinder, half-inch piping with as easy bends 
as possible is carried to a three-way cock, to which the indicator 
is attached. The cock is located as nearly as possible equidistant 
from the two ends of the cylinder. 

The form of the three-way cock is shown in Figs. 427 and 428 
and the method of connecting in Fig. 442. 

In connecting piping for indicators, use lead or oil and graphite 
on the threads as sparingly as possible, as an excess of these mate¬ 
rials is likely to get into the indicator and prevent the free motion 
of the piston. 

For accurate work an indicator should be used at each end of a 
double-acting cylinder rather than the pipe connections and three- 
way cock described. Further, all connections must be of practi¬ 
cally uniform bore, as short as possible, and free from sharp bends. 
Indicators seem to work just as well in a horizontal as in a vertical 
position, so that it is sometimes advisable to place the indicator 
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horizontally rather than to use an elbow or bend. Care must be 
taken to see that the connections used are sufficiently rigid to pre¬ 
vent oscillatory motions of the instrument under the action of the 
rapidly changing forces broi^ht into play. Such motion would 
of course vary the relative position of the indicator and engine 
crosshead and would correspond to the use of a string of varying 
length. 

Errors of such magnitude as to cause an error of five per cent 
in the area of the diagram are easily introduced by improper con¬ 
nections, and tests have shown that by sharp bends, long pipes, 



Fios. 427 & 428 .—Three-way Cock for Indicator Connections.* 


and restrictions of bore, errors of as much as twenty per cent can 
be introduced. 

334. Reducing-motions for Indicators. — The maximum motion 
of the indicator-drum is usually less than four inches; consequently 
it can seldom be cormected directly to the crosshead or other re¬ 
ciprocating piart of the engine, but must be connected to some 
apparatus which has a motion less in amplitude but corresponding 
exactly in all its phases to that of the engine piston. This appa¬ 
ratus is termed a reducing-motion. Since the horizontal components 
of the indicator-diagram, and consequently its area and form, de¬ 
pend upon the motion of the piston, it is evident that the accuracy 
of the diagram depends upon the accuracy of the reducing-motion. 
Various combinations of levers and pulleys have been used for 
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reducing-motions, a few of which will be described. Several simple 
forms of reducing-motion are given here as suggestions, but it is 
expected that the student will devise other motions if required, 
and ascertain the amount of error, if any, in the motion used. 

There are two main types of reducing-motions to be considered, 
— pendulums (including pantographs) and reducing wheels. 

In the case of pendulum reducing-motions, it is of special im¬ 
portance to see that the angle made by the cord as it passes over 
the indicator guide pulley at one end and as it leaves its point of 



fastening at the reducing-motion at the other end, does not change 
its magnitude during the entire range of motion. Just what this 
means is perhaps best illustrated by a diagram, Fig. 429. 

Here A-B represents the line of travel of any reciprocating jiart 
of the engine which travels in unison with the piston. To lead a 
cord directly from a pin D on the pendulum to the })ulley C' on the 
indicator would give an incorrect motion because the angle changes 
from D C' C" at midstroke to D' C' C" at one end and to D" C C" 
at the other end of the stroke. It must be obvious that the paper 
travels a much greater distance while the piston moves from A to C 
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than when it moves from C to B. The conditions are purposely 
exaggerated to make this clear. To minimize the error in this 
construction the string should lead off in the direction D and 
a guide pulley should be placed somewhere along this line as far 
from D as possible. 

The correct remedy for the trouble outlined in Fig. 429 is to use a 
sector grooved on the edge, which must be fastened to the lever so as 
to have its center of rotation at the lever pivot, and the arc must be 
of such length that at all times the cord will be tangential to the 
sector. Fig. 430 shows conventional sketches of pendulum motions 
with the sector in three different positions. Sometimes, instead of 



Fig. 430. 


the sector a circular disk is used, which may cither be turned to 
any position and fastened with a lock nut, or which may be so 
made that the cord may be fastened at any one of a number of 
points around the circumference. 

Concerning the rest of the construction of pendulum motions, the 
lower end of the lever may be fastened to the operating pin by an 
intermediate link, as is indicated in h'ig. 431, or the lower end 
may be slotted, as shown in Fig. 432. In the latter type the stand¬ 
ard supporting the lever-pivot must be mounted exactly over the 
middle of the travel of the pin working in the slot. The former 
type has the advantage in that it can be mounted to one side of 
the center of travel, and hence in the case of long-stroke engines 
this type allows the use of shorter cords. In this case, the follow- 
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ing precautions should, however, be observed. The link I'-i (see 
Fig. 433) must be of such a length that the lever 1-6 hangs vertical 



Fig. 431. —Pendulum Reducing Motion with Intermediate Link. 


when the piston is at the middle of the stroke. Further, the length 
of lever 1-6 should be such that, in connection with the length of 



Fig. 432.—Pendulum Reducing Motion with Slotted Main Levee. 


link i-i', the travel on both sides of the line 1-6 shall be equal, 
that is, the distance 1-2 should equal distance 1-3. If this is not 
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approximately observed, large errors may result. Thus, in case of 
too short a lever i"-6, the respective travels are i"-2" and 1'*-$", 
which differ in length by the distance 3"-4", the former being the 
longer. Or, in case of too long a lever, i'"-6, the travels are 
and differing by the distances in this case the latter 

being the longer. 


I 

I 

I 



In no case, however, will these motions give absolutely correct 
results, although if the precautions mentioned are observed the 
errors can be made very small. Ix)ose joints and lost motion 
should be carefully avoided. In general, the longer the vertical 
lever, the more accurate the results. For very close work, the 
length L, distance 1-6, in Fig. 433, may be made equal to twice the 
length of the engine stroke; an ordinary ratio is ij times the length 
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of the stroke. The length of the link, distance I'-i in Fig. 433, 
then follows from the consideration laid down in the previous 
paragraph. 

The statement made at the outset of this discussion, that for 
absolute accuracy the angles made by the cord should not change 
at any part of the travel, at once shows that the scheme of simply 
putting a pin into the end of a rotating shaft, say at B, Fig. 434, 



and using this pin to operate the indicator, gives an incorrect 
motion. The error is minimized by making the distance from the 
center C of the shaft to the guide pulley G as great as possible, 
with reference to the throw CB. For accurate work a small crank 
mechanism should be substituted for the simple pin. The con¬ 
necting-rod ratio of this mechanism should be the same as that of 
the engine, (see Fig. 435.) This type is sometimes modified to the 
form shown iti Fig. 436. This eccentric form has the advantage 
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over the other in that it may be applied to any free length of shaft 
if the eccentric proper is made in two halves. 



Fig. 435. — Correct Form of Reducing Motion. 




Fig. 436. — Reducing Motion Eccentric Drive. 

The Pantograph. — One form of this instrument, which is some¬ 
times called “lazy tongs,” is shown in Fig. 437. It consists of a 
series of single levers B and double levers A, joined as .shown. 
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The joints must be accurate and without lost motion, otherwise 
the instrument may be worse than useless. The hitch-strip G is 

fastened as shown and must be 
^ P ^ -IQ in all positions parallel to the 

levers B. Its distance from the 
fixed point D depends upon the 
length of card desired. The 
hitch-pin F must be placed in 
one of the holes in the hitch- 
strip G so that it shall be on 

^ ^ a line joining the fixed point D 

Fig. 437.— Pantograph Reducing , ^ , 

jIqjjoj, to the moving jiomt C. Other¬ 

wise the motion of F will not 
be parallel to the motion of C and the piston travel will not be 
correctly reduced. The pantograph may be used horizontally, verti¬ 
cally, or in an inclined position. The point C is fastened to any 
reciprocating part of the engine which reproduces the motion of 
the piston, while the jxiint D is rigidly fixed in a stationary sup¬ 
port As for the rest, carry out the following directions: 



Fig. 438. —Pantograph Appued in Horkontae Position. 


1. Place the stationary support so that a line drawn from D 
to C will be perpendicular to the line of travel of the member to 
which C is fastened when that member is at the middle of its travel. 

2. Move the stationary support in or out .so that the pantograph 
is neither too far extended when at the ends of the stroke nor too 
nearly closed when at the middle. It is important to see that the 
pantograph works freely and is not bound in any way by the methods 
of attaching ft. 
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3. Fasten the hitch-strip according to the length of card desired 
and locate the hitch-pin in a line from C to D. 

4. See that the indicator-cord leaves the hitch-pin in a line par¬ 
allel to the crosshead travel. If this cannot be done when leading 
directly to the indicator, guide pulleys must be used. 



Fig. 439. — Pantograph Applied to Locomotive. 


Fig. 438 .shows the application of a pantograph of this type in a 
horizontal jwsition to a horizontal engine. Numerous modifica¬ 



tions of the pantograph have been devised and used. One of 
these is shown in Fig. 439,* as applied to a locomotive. The rod P 
leads to the indicator. Another is .shown in Fig. 440, applied to a 

* P. H. Rosenkranz, Der Indikator, p. 199. 
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horizontal engine. Note the use of guide pulleys to prevent the 
change of angles in the strings during operation. 

335. Reducing Wheels. — These instruments in nearly all cases 
consist of one large and one small cord drum. The diameter of 
the latter can usually be changed by slipping sleeves on or off the 
center arbor. In this way one wheel may be used on engines 
having widely varying strokes. The action of these wheels is per¬ 



haps best explained by means of Figs. 441 and 442, which show a 
very simple form of reducing wheel. The lever carried by the 
crosshead unwinds the cord from the large drum on the out- 
stroke, at the same lime winding the cord from the indicator around 
the small drum. On the return stroke, the strings are kept taut 
either by the drum-spring of the indicator, or, what is more usual, 
by a spring included in the construction of the wheel. 

Other types of reducing wheels are directly connected to the in¬ 
dicator, as the Crosby, Fig. 443, and the American Ideal, Fig. 444. 





Wheel of Fig. 441 Applied. 



iG Wheel. 
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In each case the string from the large pulley leads to the cross¬ 
head or other reciprocating part. Fig. 445 shows still another type, 
the Houghtaling, as applied to the Tabor indicator. 

336. The Indicator-cord and Methods of Connecting up. — The 
indicator-cord should be as nearly as possible inextensible, since 
any stretch of the cord causes a corresponding error in the motion 



Fig. 444.—Thompson Indicator with American Ideal Reducino Wheel. 

of the indicator-drum. As it is nearly impossible to secure a cord 
that will not stretch, it should be made as short as possible, and a 
fine wire of steel or iron or of hard-drawn brass should be used 
if practicable. The indicator-cord supplied by makers of indica¬ 
tors is a braided hard cotton cord, stretching but little under the 
required stress. 

It pays in many cases to stretch the cord before using by 
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hanging a weight on a suspended length of it and leaving the cord 
under tension for 10 or 12 hours. 

The means for connecting the indicator-cord to the reducing 
motion, or the cord from the reducing motion to the moving engine 
member, should be chosen particularly with reference to speed 



Fig. 445.—Tabor Indicator with Houghtauno Reducing Gear. 


conditions encoimtered. Where the reducing motion is such that 
connection can be made on either side, it is generally best to con¬ 
nect on the side having the shortest stroke, that is, on the indicator 
side, and for obvious reasons. Generally a simple loop in the 
cord into which a wire hook may be caught serves the purpose. 
To adjust the length of the cord, an operation that may have to 
be gone through more than once if the cord is long and has not 
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been previously stretched, a small plate with three holes, used as 
shown in Fig. 446, comes in very handy. Other means for making 
quick adjustments of length are shown in Fig. 447-* The mafai 
objection to such schemes is that they may be so heavy as to pull 
the cord out of line. 



Fig. 446. — Adjusting Plate for Indic ator Cord. 

With increase of speed the troubles of taking indicator-cards 
also increase, and this is especially true of connecting up. The 
simplest way out of the latter trouble is to leave the indicator con¬ 
nected up after the test is started. That means, however, that the 
indicator-drum must be fitted with some kind of detent motion in 






Fio. 447 .—Means for Adjusting Length of Indicator-cord. ' 

order to allow of replacing the cards. There are several types of 
such motions, and nearly every manufacturer will fit his indicator 
with one upon request. One of the earliest forms consisted in 
furnishing the drum with a ratchet near the bottom into which a 


* From Rosenkrang, Der Tndikator. 
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pawl could be pushed when the reducing motion had pulled the 
cord out to the limit. This arrested the back-motion of the drum, 
but left the string slack, which was likely to cause whipping and 
snarling up. A better scheme, and one often used now, is to make 
the drum-support in two parts, which can be connected and dis¬ 
connected at will by some means or other. This allows the drum- 
support with its spring to continue, keeping the string taut, but 
puts the paper drum itself at rest. Detent motions are very useful 
under high speeds in the case of pendulums, pantographs, and 
other motions which cannot well be set at rest during the interval 
between cards. In the case of reducing wheels, they do not help 
matters much, as it is usually not desirable to keep such wheels 
going all the time. Hence the connection must often be made on 
the engine side, and the matter is often difficult on account of high 
speed or long stroke, or both. A scheme that the writer has sometimes 
used in cases where the stroke is not too long is to lead the cord 
from its point of fastening on the moving engine member closely 
past the reducing wheel and beyond the -wheel to a stationary 
point of support, inserting a length of helical spring just ahead of 
the latter point. This keeps the string taut and in motion all the 
time. Then ahead of the reducing wheel insert into the string a 
closed link of light but stiff steel 
wire. Although the latter will then 
move back and forth continuously 
the full engine stroke, it is not par¬ 
ticularly difficult to hook into it the 
wire hook carried on the end of 
the reducing wheel string. Another 
scheme is to make a special snap 
hook which can be hooked in very readily with a little practice. 
The hook is tied directly to the cord from the wheel and is con¬ 
structed as shown in Fig. 448, from which the operation should 
be clear. 

337. Electrical Attachments for Taking a Number of Cards at 
the Same Time. — It is sometimes desirable to obtain cards from 
a number of indicators simultaneously. This can be done by 
means of electromagnetic attachments, the usual principle of 
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Ftg. 448.—Snap Hook for Con¬ 
necting Indicator-coiud. 
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which is lo mount on the drum support a small electromagnet, 
the armature for which is fastened to tlie collar carrying the pencil 
motion. A light spring holds the armature away from the poles 
when the circuit is open, thus keeping the pencil away from the 
paper. The electromagnets and all the indicators, are connected 
so that the closing of a single switch takes all of the diagrams at 
once. One attachment of this type is shown in P'ig. 444. 

338. Care of the Indicator. —The indicator is a delicate instru¬ 
ment, and its accuracy is liable to be impaired by rough usage. 11 
must be handled with care, kept clean and bright; its journals must 
be kept oiled with suitable oil. It must be kept in adjustment. 
Before using it, take it apart, clean and oil it. Try each part 
separately. See if it works smoothly; if so, put it togetlier without 
the spring. Lift the pencil-lever, and let it fall; if perfectly free, 
insert the spring as explained, and see that there is no lost motion; 
oil the piston with cylinder-oil, and all the bearings with nut- or 
best sperm-oil. If the oil from the engine gums the indicator, 
always take it off and clean it. After using it remove the sj^ring, 
dry it and all parts of the indicator, then wij)e off with oily waste. 
Fasten the indicator in its box, in which it will go as a rule only 
one way, but it requires no j)Ounding to get it properly into place; 
carefully close the box to protect the contents from. dust. 

339. Directions for Taking Indicator-diagrams. 

1. Provide a perfect rcducing-motion, and make arrangements 
so that the indicator-drum can be stopped or started at full speed 
of the engine. 

2. Clean and oil the indicator, and attach it to the engine as 
previously explained. Insert proper spring; oil piston with cylinder- 
oL 

3. Put proper tension on the drum-spring; see that the pencil- 
point is .sharp and will draw a fine line. 

4. Connect the indicator-cord to the reducing-motion; turn the 
engine over and adjust the cord so that the indicator-drum has the 
proper movement and does not hit the stops. 

5. Put the paper on the drum; turn on steam, allow it to blow 
through the relief-hole in the side of the cock; then admit steam to 
the indicator-cylinder, close the indicator-cock, start the drum in 
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motion, and draw the atmospheric line with engine and drum in 
motion; open the cock, press the pencil lightly, and take the dia¬ 
gram; close the cock and draAv a second atmospheric line. Do 
not try to obtain a heavy diagram, as all pressure on the card 
increases the indicator friction and causes more or less error. Take 
as light a card as can be seen; brass jxnnt and metallic paper are 
to be used when esjjecially fine diagrams are required. 

When the load is varying, and the average horse jxiwer is re¬ 
quired, it is better to allow the pencil to remain during a number of 
revolutions, and to take the mean effective jiressure from the several 
diagrams drawn. 

Remove card after diagram has Ixien taken, and on the back of 
card make note of the following particulars, as far as conveniently 
obtainable: 

No. Rpm. 

Time. Scale of Spring. 

Date. Pressures: 

Make of Engine. At Boiler . 

Built by . At Throttle. 

Diam. of Cyl. .. Vacuum . 

Length of Stroke. Remarks. . 

6. After a sujfirieni number of diagrams^ has been iakeriy remove 
the piston, symng, etc,, from the indicator while it is still upon the 
cylinder; allow the steam to blow for a moment through the indi¬ 
cator-cylinder, and then turn attention to the ])iston, spring, and 
all movable j)arts, which musb be thoroughly wiped, oiled, and 
cleaned. Particular attention should be paid to the springs, as 
their accuracy will be impaired if they arc allowed to rust; and 
great care should be exercised that no gritty substance be intro¬ 
duced to cut the cylinder or mar the })islon. Be careful never to 
bend the steel bars or rods. 

The above directions apply in general also to all types of engines. 

340, The Optical Indicator, — Many attempts have been made 
to modify the piston indicator in such a way as to overcome the 
difficulties arising from inertia effects, particularly for high-speed 
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work. The onJy successful instruments which have resulted are 
those known as optical indicators. In all of these the movement 
is very small and the parts moved are very light. 

The general scheme is to have a small mirror given two simul¬ 
taneous motions at right angles to each other. Of these, one is 
proportional to the engine piston motion and the other propor¬ 
tional to the pressure in the engine cylinder. A beam of light 
reflected from the mirror traces a diagram on a piece of plate glass 
or a sensitized plate or paper. 

These indicators can be used successfully up to very high speeds 
and pressures, but they labor under the disadvantages that they 
are even more difiicult to properly handle than are the piston indi¬ 
cators, and that if the diagram is to be preserved it must l>e photo- 



Fig. 449.—Manograph. 


graphed. This latter is a delicate and time-consuming as well as 
comparatively expensive process. 

The two forms of optical indicators described below are good 
examples of the types produced and are probably as accurate as 
any. 

One form of this instrument is made by J. Carpentier of Paris, 
and is called the Manograph. Another form similar to it is made 
by the Elsassische ElektricitSts-Werke, Strassburg. 

A perspective view and section of the manograph is shown in 
Figs. 449 and 450. A small mirror is located at A, Fig. 450, in the 
back part of the camera. It is deflected in one direction by a 
small crank operated in unison with the engine piston by the 
revolving shaft P, to which it is connected by the flexible shaft R, 
Fig. 449; it is deflected in a direction at right angles against the 
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resistance of a spring by the pressure from the engine cylinder 
acting through a pipe T upon a diaphragm directly back of the 
mirror. 

The mirror is illuminated by light from a lamp at G, which is 
reflected by the prism shown at H. The indicator-diagram is 
traced on the screen D by the ray of light, and may be photographed 
by the use of a sensitiv'e plate. This apparatus has been success¬ 
fully used to take indicator-diagrams of gas engines when moving 
at the rate of 2000 revolutions per minute. 

In its original form this indicator was a very inaccurate instru¬ 
ment, principally because of the method of connecting the dia¬ 
phragm chamber to the engine cylinder and because of the method 



of imparting the motions supposed to be proportional to that of 
the piston. 

The pressure was transmitted by means of a long copper pipe 
of very small bore, and the {wessure actually existing in the dia¬ 
phragm chamber might have been anything less than that in the 
cylinder of the engine. In recent work it has become the custom 
to fasten the camera box and with it the diaphragm chamber 
directly to the indicator connection on the engine cylinder. 

The motion transmitted to the mirror as proportional and in 
phase with that of the engine was carried by a long flexible shaft, 
and it was impossible to tell whether the proper phase relation 
existed or not. If set correctly with everything at rest it certainly 
was not correct when in motion at high speed. This difficulty 
is now generally overcome, in as far as that is possible, by the use 
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of po&itive linkages or similar connections, so arranged that the 
proper phase can be very nearly maintained- 

The indicator labors under the further disadvantage, common to 
all diaphragm instruments, that the deflections become smaller for 
equal increments of pressure the higher that pressure. This makes 
it a difficult matter to correctly evaluate the area of the diagram, 



though of course it does not impair the usefulness of the instru¬ 
ment as a means of indicating the correct or incorrect setting of 
the valves. 

The Hopkimon Optical Indicator was designed later than most 
of the others at present in use, and after the designer had become 
familiar with the difficulties met with in the use of the type last 
described. It is shown in Figs. 451 and 452.* 

♦ Power, Jan. 19, 1909. 
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It is a piston type of indicator in a way, but as the extreme motion 
of the piston F is only of an inch the inertia effects are practi¬ 
cally negligible. The motion of the piston is resisted by the flat 
spring D, and the deflection of the spring is transmitted to a small 
mirror by the flexible link K. This mirror rocks on die horizontal 
axle I by an amount ])roportional to the deflection of the spring. 
The whole u]>pcr part of the indica,tor is rotated about the vertical 
axis of the instrument to obtain the motion of the mirror which is 
to be proportional to that of the piston. As the necessary rotation 
of this head is but degrees for a two-inch card, the inertia 
effects are again very small. 

The instrument is fastened directly to the engine cylinder, as is 
tlie ordinary form of indicator, thus doing away with long restricted 
pipes, and it is positively driven by various forms of reducing 
motion, adapted to the high sj)eeds for which the indicator is 
intended. 

By means of two springs of different strengths, and of three 
])istons of different areas, a very wide range of pressures can be 
covered vdth one instrument. 

As in other forms of optical indicator, the diagram may be thrown 
upon a plate of ground glass for puriKJsc.s of observation only, or 
may be {)hotographed for record. The optical arrangements are 
such that the spot of light tracing the diagram can be focused to a 
very small ])oint, thus preventing the blurring of the ])hotographed 
lines, a fault which is very common in some of the other types of 
optical indicator. 



CHAPTER XVI. 


THE INDICATOR-DIAGRAM. 

I. Steam-Engine Diagrams. 

341. Defioitioiis. — The method of obtaining diagrams by means 
of the engine indicator has already been explained in the previous 
chapter. 

In the diagram the ordinates correspond to the pressures per 
square inch acting on the piston, the abscissae to the travel of the 



piston. During a complete revolution of a steam engine occur four 
phases of valve-motion which are shown on the indicator-diagram, 
viz.: admission, CDE, Fig. 453, when the valve is open and the 
steam is passing into the cylinder; expansion, EF, when steam 
is neither admitted nor released and acts by its expansive force to 
move the piston; exhaust, FGH, when the exhaust port is open so 

642 



THE INDICATOR-DIAGRAM 


643 


that steam is escaping from the cylinder; and compression, EC, when 
all the ports are closed and the steam remaining in the cylinder 
acts to bring the piston to rest. 

The Atmospheric Line, AB, is a line drawn by the pencil of the 
indicator when the connections with the engine are closed and both 
sides of the piston are open to the atmosphere. This line represents 
on the diagram the pressure of the atmosphere, or zero gauge- 
pressure. 

The Vacuum Line, OK, is a reference-line drawn a distance cor¬ 
responding to the barometer-pressure (usually about 14.7 pounds) 
by scale below the atmospheric line. It represents a perfect 
vacuum, or absence of all pressure. 

The Clearance Line, OF, is a reference-line drawn at a distance 
from the end of the diagram equal to the same per cent of the dia¬ 
gram length as the clearance or volume not swept through by the 
piston is of the piston-displacement. The di.stance between the 
clearance line and the end of the diagram represents the volume 
of the clearance of the ports and passages at the end of the 
cylinder. 

The Line of Boiler-pressure, JK, is drawn parallel to the atmos¬ 
pheric line, and at a distance from it by scale equal to the boDer- 
pressure shown by the gauge. The difference in pounds between it 
and DE shows the loss of pressure due to the steam pipe and the 
ports and passages in the engine. 

The Admission Line, CD, shows the rise of pressure due to the 
admission of steam to the cylinder by opening the steam valve. If 
the steam is admitted quickly when the engine is about on the 
dead-center, this line will be nearly vertical. 

The Point of Admission, C, indicates the pressure when the 
admission of steam begins at the opening of the valve. 

The Steam Line, DE, is drawn when the steam valve is open and 
steam is being admitted to the cylinder. 

The Point of Cut-off, E, is the point where the admission of steam 
is stopped by the closing of the valve. It is difficult to determine 
the exact point at which the cut-off takes place. It is usually 
located where the outline of the diagram changes its curvature from 
convex to concave. It is most accurately determined by extending 
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the expansion line and steam line so that they meet at a point. 
(Sec also Chapter XVIII.) 

The Expansion Curve, EF, shows the fall in pressure as the steam 
in the cylinder expands doing work. 

The Point of Release, F, shows when the exhaust valve opens. 

The Exhaust Line, FG, represents the change in pressure that 
takes place when the exhaust valve opens. 

The Back-pressure Line, GII, shows the i>ressure against which 
the piston acts during its return stroke. On diagrams taken from 
non-condensing engines it is either coincident with or above the 
atmospheric line. On cards taken from condensing engines it is 
found below the atmospheric line, and at a distance greater or less 
according to the A'acuum obtained in the cylinder. 

The Point of Exhaust Closure, II, is the point where the exhaust 
valve closes and compression begins. It cannot be located very 
definitely, as the first slight chimge in pressure is due to the gradual 
closing of the valve. 

The Compression Curve, HC, shows the rise in pressure due to the 
compression of the steam remaining in the cylinder after the exhaust- 
valve has closed. 

The Initial Pressure is the pressure acting on the piston at the 
beginning of the stroke. 

The Terminal Pressure is the pressure that would exist at the 
end of the stroke if the steam had not been already released. It is 
found by continuing the expansion curve to the point F', Fig. 453. 

Admission Pressure is the pressure acting on the piston at end of 
compression, and is usually less than initial pressure. 

Compression Pressure is the pressure acting on the piston at 
beginning of compression. 

Cut-off Pressure is the pressure acting on the piston at beginning 
of expansion. 

Release Pressure is the pressure acting on the piston at end of 
expansion. 

Mean Forward Pressure is the average height of that part of 
the diagram traced on the forward stroke. 

Mean Back Pressure is the average height of that part traced 
on the return stroke. 
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Any of these pressures may be measured either above the atmos¬ 
pheric line or above the vacuum line. In the former case they are 
termed “gauge pressures,” in the latter, “ absolute pressures.” 

Mean Effective Pressure (M.E.P.) is the difference between 
mean forward and mean back pressure during a forward and return 
stroke. It is the length of the mean ordinate intercepted between 
the top and bottom lines of the diagram multiplied by the scale 
of the diagram. It is obtained without regard to atmospheric or 
vacuum lines. 

Ratio of Expansion is the ratio of the total cylinder volume to 
the total volume at cut-off. In computations for this quantity the 
volume of clearance is therefore taken into account. Ratio of 
expansion is denoted by r. (See also ]). 748.) 

The volumes may be expressed as proportional to linear feet, 
with an additional length equal to the per cent of clearance, since 
the area t>f the cylinder is constant. 

The practice of engineers seems to differ with regard to the 
method of determining cut-off and the ratio of expansion. In this 
connection see the discussion on the analysis t.)f Indicator diagrams 
in Rule XX of the Steam Engine Testing Code, Chapter XVIIl. 
This takes up the cases of single and multicylinder, condensing 
ami non-condensing engines. 

IVirc-drawirtg is the tall of jiressure between the boiler and cylinder, 
indicated by the difference between lines JK and DE. 

342. Measuremehts from the Diagrams. — The diagrams taken 
are on a small scale; they are often irregular, and the boundary 
lines are frequently obscure, so that the measurement must be 
made with great care. 

The diagrams may be taken from each end of the cylinder on 
a separate card, as shown in Fig. 453, or by the use of the three- 
way cock (see Article 333), in which case the two diagrams will 
be drawm on the same card as shown in Fig. 454. In the latter 
case each diagram is to be considered separately; that is, the area 
of each diagram, as CDEBFC and GHIJKG, is to be determined 
as though on a separate card. The object of diagram measure¬ 
ments is principally to obtain the mean effective pressure (M.E.P,). 

Two methods are practiced. 
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First, the method of ordinates. In this case the length of the 
diagram is divided into ten equal spaces, and ordinates are erected 
from the center of each space. The sum of the length of these 
various ordinates divided by the number gives the mean ordinate. 
This multiplied by the scale of the indicator spring gives the mean 
effective pressure. The sum of the ordinates is expeditiously ob¬ 
tained by successively transferring the length of each ordinate to 
a strip of paper and measuring its total length. 

Secondly, determination of area by means of the planimeter. This 
method gives the mean ordinate much more accurately and quickly 
than the method of ordinates. The various planimeters are fully 
described, pages 21 to 42. 



Fig. 454. — Diagram from Condensing Engine on One Card. 


With any planimeter the area of the diagram can be obtained, 
in which case the mean ordinate is to be found by dividing by the 
length of the diagram. Several of the planimeters give the value 
of the mean ordinate directly. 

In some instances the indicator-diagram has a loop, as in Fig. 455, 
caused by expanding below the back-pressure line; in this case the 
ordinates to the loop are negative and should be subtracted from 
the lengths of the ordinates above. In case of measurement by 
the planimeter, if the tracing-point be made to follow the expansion- 
line in the order it was drawn by the indicator-pencil, the part 
within the loop will be circumscribed by a reverse motion, and will 
be deducted automatically by the instrument, so that the reading 
of the planimeter will be the result sought. Concerning scales of 
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springs, by which the mean ordinate is mult^lied to get the mean 
elective pressure, see pages 608 to 612, Chapter XV. 

343. Indicated Horse Power. — Indicated horse power is the 
horse power computed from the indicator-diagram, being obtained 
by the product of M.E.P. {p), length of stroke in feet (/), area of 
piston in square inches (a), and number of revolutions (»), as 
represented in the formula plan 33,000. (See also Art. 317.) 
In this computation the area on the crank side of the piston is to 
be corrected for area of piston-rod, and the two ends of the cylin¬ 
ders computed as separate engines. Further, in this computation 
it will not in general answer to multiply the average M.E.P. of a 
number of cards by the length of stroke and by the average of 
the number of revolutions, but each card must be subjected to a 



separate computation and the results averaged. This can be readily 
done for each engine by computing a table made up of the products 
of the average value of n by length of stroke I and area of piston a, 
and for different values of M.E.P. Take from this table the values 
corresponding to the given M.E.P., and increase or diminish this 
as required by the per cent of change of speed from the average. 
A very convenient table for this purpose, entitled “ Horse Power 
per Pound Mean Pressure,” is given in the Appendix to this 
work, arranged with reference to diameter of cylinder in inches 
and piston-speed in feet per minute. Piston-speed in feet per min¬ 
ute is the product of length of stroke in feet by revolutions per 
minute = In. 

344. Form of the Indicator-diagram. — The form of the indicator- 
diagram has been carefully worked out for the ideal case by Rankine 
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and Cotterell.* In the ideal case the steam works in a non-con¬ 
ducting cylinder, and all loss of heat is due to transformation into 
work, the expansion in such a case being adiabatic. In the actual 
case the problem is much more complicated, since a large portion 
of the heat is utilized in heating the cylinder, and is returned to the 
steam at or near the time of exhaust, doing little work. It is found, 
however, in the best engines working with quick-acting valve-gear, 
that the steam and back-pressure lines are straight and parallel 
to the atmospheric line, and that the expansion and compression 
lines are very nearly hj'perbol®, asymptotic to the clearance line 
and to the vacuum line. 

If we denote by p the pressure measured from the vacuum line, 
and by v the volume corresjwnding to a distance measured from the 
clearance line, so that pv shall be the coordinates of any point, wc 
shall have as characteristic of the hyperbola 

pv = constant. (1) 

This is the same as Boyle’s law for the expansion of non-con¬ 
densible gases, .since, according to that law, the pressure varies 
inversely as the volume. 

Rankine found by examination of a great many actual cases that 
the expression pv^ — constant agrees very nearly with the ideal 
case of adiabatic (isenlropic) expansion.! The variation from the 
ideal expansion fine in any given case may be considerable, and 
the hyperbola drawn from the same origin is considered as good a 
reference line as any that can conveniently be used. The student 
should therefore become familiar with the best methods of con¬ 
structing it. 

34$, Methods of Drawing an Hyperbola. — The methods of 
drawing an hyperbola, the clearance and vacuum lines being given, 
are as follows: 

First Method. (See Fig. 456.) — CB, the clearance line, and CD, 
the vacuum line, being given, draw a line parallel to the atmospheric 
line through B; find by producing expansion line the point of cut- 

* Steam Engine, by James H. Collerell. 

t For more detailed information see under “ Adiabatic (Isentropic) Change for 
Steam ” in Chapter XL 



THE INDICATOR-DIAGRAM 


649 


off, c. Draw a series of radiating lines from the point C to the 
points E, P, G, H, and A, taken at random, and a line cb inter¬ 
secting these lines, drawn from c parallel to BC. From the points 
of the intersection of cb with these radiating lines draw horizontal 
lines to meet vertical lines drawn from the points E, F, G, H, and 
A ; the intersections of these lines at e, /, g, h, and a are points in 
the hyperbola passing through the point c. If it is desired to pro¬ 
duce the hyperbola from a upward, the same method is used, but 



the line ABh drawn through the point a, and the vertical lines are 
extended above AB instead of below. 

Second Method. (Sec Fig. 457.) — The hyperbola may be drawn 
by a method founded on the principle that the intercepts made by a 
straight line intersecting an h\T>erbola and its asymptotes are equal. 
Thus if abid represents an hyperbola, BC and CD its asymptotes, 
then the intercepts aa' and bh' made by the straight line a'b' are 
equal. 

To draw the hyfjerbola: Beginning at any point, as a, draw the 
straight line a'h', and lay off from the line CD, b'b equal to a'a; then 
will b be one point on the hyperbola. Draw a similar line c'd' 
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through b, making d'c eqxial c'b\ then will c be another point on the 
hyperbola. This process can be repeated until a suitable number 
of points is found; the hyperbola is to be drawn through these 
points. A similar method can be used to draw the hyperbola EF, 



Fig. 457, •—Method or Drawing Hyperbola. 


346. Construction of Saturationand Isentropic’"Curves for Steam. 

— The Saturation Curve is the curve which results if the specific 
volumes of dry and saturated steam are plotted against correspond¬ 
ing absolute pressures. No doubt the easiest way to construct such 
a curve is to take the volumes from the steam-tables corresponding 
to given pressures and set them off along the volume axis; lay off 
th® corresponding pressures as ordinates; then a curve drawn 
through the extremities of the ordinates will be the saturation curve, 
which does not differ greatly from an hyperbola. 

It has been stated that the saturation curve for steam follows the 
general law, 

= constant. (2) 

As a matter of fact, this exponent changes with the pressure range 
as computations by means of a steam-table will show. The curve 
obtained by the use of« =» 1,064 is, however, probably close enough 
to the real curve to serve all practical purposes. 

"■ This curve is in general practice called an adiabatic curve. Sec note, p. 344. 
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The equation of the isentropic curve for saturated steam (see 
equation (59), p. 346) is, for all qualities between .7 and 1.0, 

^ 035 + 1® _ (3) 

For initially dry and saturated steam {x — i.o) this reduces to 
pv^ = constant. (4) 



The exponent of the equilateral hyi>erbola is « = i, and this curve, 
together with the saturation curve and the isentropic curve for ini¬ 
tially dry steam, is plotted in Fig. 4^8 to show the mutual relation. 
.415 is the hyperbola, AC the saturation curve, and AD the isen¬ 
tropic line. 

It is to be noticed that the saturation curve corresponds to a uni¬ 
form quality of steam, the isentropic curve to a condition in which 
the moisture is increasing, and the hyperbolic curve to a condition 
in which the moisture is decreasing. 
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347. Clearance Determined from the Diagram. — The clearance 
is usually to be determined by actual measurement of the volume 
of the spaces not swept through by the piston, and comparing this 
result with the volume of piston-displacement. Since the cxpan- 
.sion and compression lines of the diagram are nearly hyperbolae, 
the position of clearance line can be determined by a method nearly 
the reverse of that used in constructing an hyperbola (Article 345). 

In this case proceed as follows: Lay off the vacuum line CD 
(Fig. 459) parallel to the atmospheric line FT, and at a distance 



corresponding to the atmospheric pressure. The position of the 
clearance line can be determined by two methods, corresponding 
to those used in drawing the hyperbola. First method: Take two 
points, a and b in the expansion curve and c and d in the compression 
line, and draw horizontal and vertical lines through these points, 
forming rectangles aa'hb' and cc'dd'. Draw the diagonal of either 
rectangle, as a'¥, to meet the vacuum line CD; the point of inter¬ 
section C will be a point in the clearance line CB, and the clearance 
ivill equal CN -i- FT. Second method: Draw a straight line through 
either curve, as mn through the compression curve or ef through 
the expansion curve, and extend it in both directions. On the line 
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mfn' lay off nn' equal to mm', or on the line e’f lay off ee' equal to 
Jf-, then will either of the points e' or n' be in the clearance line, and 
the line drawn perpendicular to the vacuum line through one of 
these points should pass through the other. In an engine working 
with much compression the clearance will be given more accurately 
from the compression curve than from the expansion curve, since 
it is more nearly an hyperbola. 

348. Weight of Steam Accounted for by the Indicator-diagram. 
The Diagram Water-rate. — The diagram shows by direct measure¬ 
ment the pressure and volume at any point in the stroke of the 
piston; the weight of steam per cubic foot for any given pressure 
may be taken directly from a steam-table. The method, then, of 
finding the weight of steam for any point in the stroke is to find the 
volume in cubic feet, including the clearance and piston-displace¬ 
ment to the given point, which must be taken at cut-off or later, 
and multiply this by the weight per cubic foot corresponding to 
the pressure at the given point as measured on the diagram. This 
will give the weight of steam in the cylinder accounted for by the 
indicator-diagram, per stroke. In an engine working with com¬ 
pression, the weight of steam filling the clearance-space is not ex¬ 
hausted; this weight, computed for a volume equal to clearance and 
with weight per cubic foot corresponding to compression pressure, 
should be subtracted from the above. The result may be reduced 
to pounds of steam per I.H.P. per hour, by multiplying by the 
number of strokes made per hour and dividing by the I.H.P. de¬ 
veloped. It should be noted in this computation that the steam 
caught in clearance is assumed dry at the end of compression. 
An alternative method, often used for computing the weight of 
steam caught in clearance, is to assume the steam dry at the point 
of exhaust closure and to determine the weight from the cylinder 
volume up to that point and from the back pressure. 

The method of computing would then be: Find, from a steam- 
table, the weight of steam per cubic foot corresponding to the 
absolute pressure at the given point, multiply this by the corre¬ 
sponding volume in cubic feet, including clearance, and this by the 
number of strokes per hour. Correct this for the steam imprisoned 
in the clearance-space. Divide this by the horse power developed 
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and we shall have the consumption in pounds of dry steam per 
I.H.P. as shown by the diagram. Thus let 

A = area of piston in square feet; 

o « “ “ “ “ “ inches; 

N = number of strokes per hour; 

» = “ “ “ “ minute; 

w — weight of cubic foot of steam for the pressure at the point 
under consideration; 

w' — weight of cubic foot of steam for the pressure at end of 
compression; 

I — total length of stroke in feet; 

la — length of stroke in feet to ix)int under consideration; 

c == per cent of clearance; 

V =■ la cl = equivalent length of stroke to point under con¬ 
sideration (including clearance); 



Then the total volume up to the point under consideration will be 
= (4 + cl)A = I'A cu. ft., and the corresponding weight of dry 
steam is I'Aw pounds. The volume of steam caught in the clearance 
^ace is clA cu. ft,, and its weight will be cl Aw' pounds. Hence the 
net weight of steam supplied, as shown by the indicator, will be 
{I'Aw •— dAw') pounds per stroke. From this it follows that the 
steam consumption from the diagram in pormds per I.H.P. hour, 
or the diagram water-rate, is 

S = [I'Aw — dAw'] pounds 

I.H.P. 

NAi rr ,] , 

■iSr’.b"" 

= 1^ " (Im — cic/) pounds 


6o n • • I (bw — cw') 

144 _ 

plan 
33,000 

pounds. 


pounds 


(S) 
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Example. — Compute the steam consumption as shown at E and at release 
point F, in the diagram of Fig, 453. 

The absolute pressures shown by the diagram are as follows: 

At cut-off; 97 pounds; at release, 37 pounds; at end of compression, 60 pounds. 
The mean effective pressure, ^ « 50 pounds; length of stroke, / « 3 feet; 
distance up to cut-off, 4 « .75 foot; distance up to release, 4 2.78 feet. 

Per cent of clearance, c = 3.2 per cent; « 4 + = -75 •+’ .032 X 3 « .845 

foot at cut-off, and 2.78 4 - .032 X 3 « 2.876 feet at release. Hence 6 ~ 

I 3 

- .282 at cut-off, and = .958 at release. 

3 

w at cut-off* .2IQ3 pound per cubic foot; at release = .0886 jx)und per 
cubic foot, and at end of compression — -1394 pound per cubic foot. 

Steam consumption at cut-off: 

S « 14759.2IQ3 - .032 X .13 94) 

50 

* 15.78 lbs. per I.II.P. hr. 

Steam consumption at release: 

S * ^3,750 Cq 58 X .0 886 - .032 X .1394) 

50 

» 22.10 lbs. per I.H.P. hr. 

This, it should be noticed, is not the actual weight of steam used per horse 
power by the engine, but is that part which corresponds to the amount of dry 
steam remaining in the cylinder at the points under consideration. The amount 
is usually less when computed at cut-off than at the end of the stroke, since 
some of the steam which was condensed when the steam first entered the 
cylinder is restored by re-evaporation during the latter portion of the period 
of expansion. 

349, The Diagram Water-rate for Multicylinder Engines, — 

The equations of the previous article apply only to simple engines. 
To compute the diagram water-rate for a compound or triple engine, 
proceed in exactly the same way for any given point on the expan¬ 
sion line of the cards from any of the cylinders, but after detennining 
the steam accounted for per stroke, multiply by the number of 
strokes made per hour and divide by the sum of the h^orse powers of all 
the cylinders. This gives the steam credit for all the work it either 
has already done since entering the high-pressure cylinder or will do 
before leaving the low-pressure. This computation is equivalent to 
substituting for p in equation (5) what is known as the equivalent 
mean effective pressure.'^ Thus, if the computation is being made 
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for the H.P. cylinder of a compound engine, the quantities above 
the line in equation ($) are chosen from the high-pressure card, 
while the 

Equiv. M.E.P. = /•' + rp" 
where p' = M.E.P. ofH.P. card, 

p” — M.E.P. of L.P. card, and 

Vol. L.P. Piston-Displacement 

^ lIO . . . . . . .. . . . . ' . . . . ■> ii M i • 

Vol. H.P. Piston-Displacement 

Similarly, if the computation is being made for the low-pressure card, 
the 

Equiv. M.E.P. - ^ -t- p". 

3SO. Approximate Formulas for the Diagram Water-rate. — If 

we put la - I, and further neglect all considerations of clearance, 
the final form of equation (5) would be 

5 = 13.750-' ( 6 ) 

P 

in which p = the M.E.P. of the diagram, and w the weight of steam 
per cubic foot corresponding to terminal pressure. Several authori¬ 
ties have computed tables for this equation as follows: 

Thompson’s tables (see Appendix) give values of 13,750 w, 
and the tabular values must be divided by the M.E.P. to give the 
steam-consumption per I.H.P. per hour. 

Tabor’s tables give values of the tabular values must 

P 

be multiplied by the weight of a pound of steam corresponding to 
the terminal pressure, to give the steam-consumption. 

Williams’s tables, published in the Crosby catalogue, give values 

of—^—’ and the results in each case have to be multiplied bv 

42543 

32.32 w to give the steam-consumption. 

A graphical correction may in all cases be made for the steam 
caught in clearance by drawing a horizontal line through the ter¬ 
minal pressure to compression line of diagram, and multiplying the 
result computed from the table by the ratio between the portion 
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of this line intercepted between the terminal point and the com¬ 
pression line, to the whole stroke. 

351. Re-evaporation and Cylinder Condensation. — By con¬ 
sidering the hyperbolic curve as a standard, an idea can be obtained 
of the restoration by re-evaporation and the loss by cylinder con¬ 
densation. Thus in Fig. 457, suppose that a is the point of cut-off 
at boiler-pressure. Construct an hyperbola as explained; in the 
example considered it is seen to lie above the expansion line for a 
.short distance after cut-off, then to cross the line at b, and remain 
below it nearly to the end of the stroke. The amount by which the 
expansion line rises above the hyperbola may be considered as due 
to re-evaporation. The area of the diagram lying above would 
represent the work added by heat returned to the steam from the 
cylinder walls. 

The methods for determining the cylinder condensation are simi¬ 
lar to this process, except that the hj'i^erbola is usually drawn up¬ 
ward from the point correspond¬ 
ing to the terminal pressure, to 
meet a horizontal line drawn to 
represent the boiler-pressure, as 
shown by the dotted lines in the 
diagrams in Fig. 460. The area 
of the figure enclosed by the 
dotted lines, compared with that Fic 

of the diagram, is the ratio that 

the ideal diagram bears to the real; the difference is the loss by 
cylinder condensation. 

The student should understand that both these methods are 
approximations which may vary much from the truth. 

352. Various Forms of Actual Indicator-diagrams. — The form 
of the indicator-card often reveals certain defects in steam distribu¬ 
tion, due in most cases to improper valve setting. As a matter of 
fact, the main purpose of applying an indicator to an engine is in 
many cases merely to discover such defects in order to be able to 
eliminate them. A great variety of causes will affect the lines of 
the diagram and typical examples might be multiplied indefinitely. 
In many cases the cause of certain defects is easily located; in other 
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c&ses, several causes may be at work and a certain amount of skill 
and experience may be necessary to interpret correctly. 

If a card shows unusual features, the causes for them may be 
sought for in at least three directions: (a) faulty working of the indi¬ 
cator and faulty indicator connections, (b) errors in the setting of 
the valves, and (c) effects due to bad steam connections, leaky 
valves and pistons, etc. 

(a) Errors Dm to Indicator and Faulty Indicator Connections .— 
Some of these have already been discussed in the previous chapter 

under reducing motion, pencil 
motion, indicator pipe con¬ 
nections, etc. (See Chap. XV, 
Art. 332.) 

Wavy lines in the expansion 
line. Fig. 461, may indicate 
spring vibration due to inertia 
effects or due to water in the 
Fic. 461. -Diagram Showing Effects of connections. The 

Water in Indicator Connections. , . 1 

latter is the more likely 

cause, unless inertia effects also appear in other parts of the diagram. 

The effect of faulty indicator connections usually manifests 
itself by throttling; see Fig. 462, where the broken line shows the 




Fig. 462.—'Diagram Kesulting from Faulty Indicator Connections. 

normal diagram and the full line one which may result from too 
small or too long connections. The net result of this may be to 
make the diagram larger in area than it should be. 

(b) Errors Dm to Valve Setting. — Probably the great majority 
of unusual conditions in the lines of steam-engine cards is due to 
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k 

Drop ill Coinprcsibion Line, most likely due to Leaky Pistons and Valves. 
Held in some cases to be due to condensation. 


Fio. 463. (i to k.) 

iocorrect valve setting. There are many different valve gears, 
each likely to have its own peculiarities, but it will suffice to point 
out a few of the more usual abnormal conditions that may occur. 
In some of the following cases, Fig. 463, a to k, what may be con¬ 
sidered the normal diagram is 

---Boiler PwiMMjre , 

shown in dotted line, the actual 
diagram in full line. 

(c) Effects Due to Bad Steam 
Connections, Leaky Valves and 
Pistons. — Steam connections 
which are too small produce 
excessive wire drawing, (see 
Fig. 464). 

A somewhat similar effect is 
produced in the use of valves which open and close too slowly. 

Some of the effects of leaky pistons and valves have already been 
shown (Fig. 463, / and k). If a diagram shows an expansion line 
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Fio. 465. — Diagram Showikg Effect of 
SxBiODS Plston anc Valv'e Leakage. 


lying markedly below the hyperbola, Fig. 465, the effect may be due 
to serious leakage, steam leaking from the working to the exhaust 
side. If this loss is very serious 
it also appears in the compres¬ 
sion line. 

353. The Combining of Dia¬ 
grams from Multicylinder En¬ 
gines. —The methods used will 
be shown for the case of the 
compound engine, from which it 
is easy to generalize for triple or 
quadruple expansion engines. 

There are two methods in u.se for combining indicator-cards. In 
the one the diagrams are each offset from the line of zero volumes 
in the combined diagram by a distance corresponding to the clear¬ 
ance volumes in the respective cylinders. In general, conditions 
will be such that the amount of steam exj^anding in the cylinder 
(which is in all cases equal to the sum of the weights of the steam 
taken into the engine per stroke plus the weight of steam caught 
in clearance) will not be the same in the two cylinders on account 
of the fact that the weight of clearance steam is not generally the 
same in the two cylinders. Hence it will not be possible to start 
with the H.P. cylinder and draw a single saturation curve for both 
cylinders, but such a curve must be drawn for each cylinder sepa¬ 
rately. 

The second method of drawing the combined card is to eliminate 
the clearance steam and to set off from the line of zero volumes only 
the volumes of the steam taken into the engine per stroke. The 
method of doing this will be explained more fully later. In this 
construction a single saturation curve (or, for approximate work, 
an hjq)erbola) may be drawn for both cylinders, Jind some idea may 
thus be gained of how nearly the ideal work area represented under 
the saturation curve is realized by the actual area shown by the 
cards. But no quality computations can be made on such a 
diagram, and, for general usefulness, construction according to the 
method first outlined is generally preferred. Where the steam 
distribution in the two ends of the cylinder is fairly equal, it is 
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usually satisfactory to average the two cards from the head and 
crank ends of the cylinder and to draw the combined diagrams 
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Figure 466 represents a set of cards taken from a cross-compound 
Corliss engine whose dimensions are as follows: 

Dia, H.P. cyl... 9 ins. 

Dia. L.P. cyl. 16 ins. 

Length of stroke. 36 ins. 

Dia. piston rod, H.P. cyl. ins. 

Dia. piston rod, H.P. cyl. a}* ins. 

Piston displacement, average: 

Head end and crank end, H.P. cyl. i. 28 cu. ft. 

Piston displacement, average: 

Head end and crank end, L.P. cyl. 4. i S cu. ft. 

Average clearance, H.P. cyl., per cent. 7.59 

Average clearance vol., H.P. cyl.096 cu. ft. 

Average clearance, L.P. cyl., per cent. .. 8.93 

Average clearance vol., L.P. cyl. .372 cu. ft. 

Scale of indicator-spring, H.P. cyl. 80 lbs. 

Scale of indicator-spring, L.P. cyl. 20 lbs. 

Barometer, 28.75 in.Hg =. 14. i lbs. 

Construction of Combined Card, Method I.—In Fig. 467 lay 


off on the X-axis a scale of volumes, and on the Y-axis a scale of 
absolute pressures as .shown. Draw in the atmospheric line. 
Divide the length of each indicator-card, or the average card, 
into any convenient number of equal parts, say ten, and erect per¬ 
pendiculars at the points of division, prolonging them downward 
until they reach the line of zero pressures in each case. In Fig. 467 
lay off first the L.P. clearance volume (.372 cubic foot) and the 
volume of the L.P. cylinder (4.15 cubic feet), making a total of 
4.522 cubic feet; divide the distance corresponding to 4.15 cubic 
feet also into ten equal parts, and erect ordinates. From the 
average L.P. card, Fig. 466, determine the pressure existing at the 
points of intersection of the ordinates for both forward and back 
pressure lines, measured above the line of zero pressure and using 
the proper spring scale. Lay in these pressures along the ordinates 
of Fig. 467, connect the points determined, and the result will 
be the L.P. diagram transferred to the new volume and pressure 
scales chosen. 

Next, from the line of zero volume. Fig. 467, lay off the clearance 
volume of the H.P. cylinder (.096 cubic foot) and then the volume 















Abs. Press, 



.5 1.0 1.5 2.0 2 A 3.0 3.5 4.0 4.6 

Volume. Cb. Ft. 

Fio. 467. — Combined Diagram for Compound Steam Engine. 
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of the H.P. cylinder (1.28 cubic feet), making a total volume of 1.376 
cubic feet; divide the distance corresponding to 1.28 cubic feet into 
ten equal parts and erect ordinates. Then proceed to determine the 
pressures from the average H.P. card, Fig. 466, measured above 
the line of zero pressure as a line of reference, and transfer these 
pressures to the ordinates of Fig. 467, as in the case of the L.P. 
card. Connecting the points will give the H.P. card. 

If in any given case the lines of the original diagrams show more 
irregular variations than the sample cards chosen, it may be neces¬ 
sary to determine a greater number of pressure points by dividing 
the card lengths into a greater number of parts. 

The Saturation Curves. — The next operation is to draw in the 
saturation curves. The steam taken into the engine per stroke for 
the test and the cards under consideration was .103 pound, as 
computed from water consumption and number of strokes. 

The weight of steam caught in the clearance spaces may be com¬ 
puted from the pressure either at the beginning or end of the com¬ 
pression line, the corresponding volumes in the cylinder, and the 
specific volumes corresponding to the pressures, on the assumption that 
the steam is dry and saturated. There is some uncertainty regarding 
the quality of the steam along the compression line. Most authori¬ 
ties agree to call it dry and saturated at the beginning of compres¬ 
sion. Hence the steam caught in clearance will in this case be found 
as follows for the H.P. cylinder: 


Average absolute pressure at beginning of compression.. 

Beginning of compression, per cent of back stroke. 

Piston displacement during comp. = (i.oo — .883) 1.28 = 

Clearance volume. 

Total volume remaining at beginning of compression.... 
Sp. vol. per pound of steam at 21.82 lbs, (from steam-table) 

Weight of steam caught in clearance = “ . 


21.82 lbs. 
88.3 

.15 cu. ft. 

. 096 cu. ft. 
. 246 cu. ft, 
18.52 cu. ft. 

. 013 lb. 


The total weight of steam in the H.P. cylinder at the beginning 
of expansion is therefore = .103 -f .013 = .116 pound. The satura¬ 
tion curve can now be determined by finding the volume that this 
weight of steam, assuming it to remain dry, will occupy at different 
pressures, as shown in Article 346. For example, at too pounds 
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absolute pressure, the specific volume of steam is 4.429 cubic feet; 
hence .116 pound of steam will occupy a volume of .514 cubic foot. 
This determines one point, marked A, on the saturation curve, 
Fig. 467. 

The computations for the saturation curve for the L.P, cylinder 
are exactly similar. The engine steam per stroke is the same as 
before, = .103 pound. The weight of steam caught in the clearance 
is, however, in the L.P. cylinder only .006 j)ound as compared with 
.013 pound in the H.P. cylinder. The total weight of steam ex¬ 
panding is therefore = .109 pound. For this weight the volumes 
occupied at a series of different pressures are then found from the 
steam-table as before. 

The Quality Curves. — The location of the saturation curve with 
reference to the expansion line shows the quality of the steam as the 
expansion progresses. In the case of the example in hand, the satu¬ 
ration curve for the H.P. cylinder lies entirely outside of the diagram 
and shows that the steam is wet throughout expansion. Since, at 
any given absolute pressure, the volume up to the expansion line 
shows the volume occupied by the steam in the mixture of steam 
and water contained in the cylinder, while the volume up to the 
saturation curve shows the volume that the weight of wet steam in 
the cylinder would have if it were just dry, it follows that the ratio 
of the total volume (including clearance) up to the expansion line 
to the total volume up to the saturation curve is a measure of the 
quality of the steam at the pressure chosen. Thus at the point of 
release in the H.P. cylinder, the pressure is 30.02 pounds and the 
volume is 1.325 cubic feet. At the same pressure, the saturation 
curve indicates a volume of 1.55 cubic feet. The quality at release 

is therefore = 85.5 per cent. To get this result it is not at 

all necessary to determine these volumes; the ratio of the actual 
distances to the points on the two curves, measured say in hun¬ 
dredths of an inch, will give the same result. Making this 
computation for a number of points along the expansion line 
allows of the construction of a quality curve showing the vari¬ 
ation of quality continuously. In this example this curve shows 
that the quality was 72 per cent at cut-off and increased grad- 
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ually to 8$ per cent at release, indicating a considerable amount 
of re-evaporation. 

In the case of the L.P. diagram, the saturation curve lies entirely 
within the diagram, showing that the steam was superheated along 
the entire expansion line, due to the action of steam jackets which 
were not in use on the H.P. cylinder. The quality of the steam 
(i.e., the degree of superheat) can noW no longer be determined by 
the simple ratio of volumes, because this relation no longer holds. 
The relation that may be used to find the temperature of the steam 
is the Tumlirz equation (Article 184); 

V = 85.85— - .256 

P 

where v = specific volume of superheated steam in cubic feet, 

T = absolute temperature, 
p — absolute pressure in poutids per square foot. 


To apply this to one point on the expansion line of the L.P. 
cylinder, take the volume at 17.5 pounds pressure. This equals 
2.51 cubic feet for .109 pound of steam, so that the specific volume 


Therefore 


_ 2-51 
.109 


= 23.03 cubic feet. 


23-03 = 85.85 


T 

17.5 X 144 


.256, 


from which T = 685° F. abs. = 225° F. The steam-table shows 
that the critical temperature for 17.5 pounds is 220°. In this case 
the steam is therefore superheated only 5 degrees. This amount 
of superheat is practically negligible and is of course subject to the 
error of the measurements taken from the combined diagram and to 
the error of the Tumlirz equation which in itself is ± .8 per cent. 
It is therefore accurate enough to conclude in this case that the 
steam is dry and saturated along the expansion line, and therefore 
no quality curve for the L.P. cylinder need be drawn. In case 
superheat is shown to a greater extent, a quality curve with volumes 
as abscissae and degrees of superheat as ordinates can be con¬ 
structed similar to the quality curve for the H.P. cylinder. 
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Construction of Combined Card, Method II.— The first 
step in the process is to draw through the points of exhaust closure 
on each card a saturation curve for the weight of steam caught 
in the clearance. Then divide each diagram, that is an average 
for the H.P. cylinder and an average for the L.P. cylinder, into 
any convenient number of equally spaced horizontal strips, starting 
in each case from the line of zero pressures. Next on cross-section 
paper lay off scales of volumes and of pressures as for Method I. 
Lay in the atmospheric line and divide the field into as many 
horizontal strips as there are on the original diagrams, drawing the 
horizontal dividing lines at the proper pressure intervals by taking 
into account the scales of the springs. 

In Fig. 466 the H.P. head end card shows the saturation curve 
drawn in for the clearance steam and also the method of horizontal 
subdivision. The next step is to determine the volumes along 
any horizontal line such as AB, Fig. 466, and to transfer them to 
the combined card. To do this by computation is rather cumber¬ 
some. Thus in the actual diagram, the length AC was .12 inch 
and the length AD was .92 inch. Since the actual full length 
of the card was 3.91 inches (which represented 1.28 cubic feet 
cylinder volume), the corresponding cylinder volumes are for AC 
.04 cubic foot and for AD .30 cubic foot. The line AB repre¬ 
sents a pressure of 100 pounds absolute in this case. To transfer 
volumes AC and AD to the combined diagram. Fig. 468, lay off 
along the 100 pound pressure line the volumes .04 and .30 cubic 
foot, which determines the location of points C and D respectively, 
the clearance steam being eliminated. 

To apply this method of computation to a number of pressure 
intervals, as would be necessary to obtain sufficient points to con¬ 
struct the diagram, is, as stated, very cumbersome, and for that 
reason a graphical method, given by Professor Heck, is preferable. 
In Fig. 469, lay off MN equal to the actual length of the H.P. 
diagram. Make NO equal to the actual distance on the combined 
diagram corresponding to 1.28 cubic feet (the volume of the H.P. 
cylinder). Draw OM. Then if we take any abcissa, as iD in 
the case of the H.P. head end card, Fig. 466, and transfer this to 
Fig. 469 (distance MN'), then will the distance N'N" give the 
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1.0 1.5 2.i) U 8.0 8.5 10 4.5 


Cyl.Vol,Cb.ft. 


Fig. 468. — Method of Combining Indicator Cards, Euminattng Ciearance 

Steam. 
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proper distance to be set off on the combined card for the volume 
AD. A similar construction figure may be drawn for the L.P. 

cylinder; in that case MN will repre¬ 
sent the actual length of the L.P. card 
and NO the distance on the combined 
chart corresponding to 4.15 cubic feet, 
the volume of the L.P. cylinder. 

The final result of the construction 
of the combined card is shown in Fig. 
468. To complete the diagram, draw 
in the saturation curve EF-, in this 
case with a weight of steam equal to 
.103 pound, the engine steam. 

In case the combined diagram ac¬ 
cording to Method I has already been 
drawn, the work of obtaining the 
diagram according to Method II is 
very much simplified, as it is merely 
necessary to draw in on the first combined card the saturation 
curves for the compression lines, starting with the jioint of exhaust 
closure (see curv’e RS in the L.P. card. Fig. 467), and then to set off 
from the line of zero volumes in Fig. 468 the volumes as measured 
from these saturation curves considered as lines of zero volume. 

354. The Actual Entropy Diagram for a Steam Engine. — This 
diagram is sometimes used in the study of heat interchanges in 
the cylinder. It is, however, of doubtful utility for this puq)ose 
because we have definite information about the condition of the 
steam only along the e.xpansion line. For every other line of the 
P~V diagram certain assumptions are ordinarily made which, de¬ 
pending upon conditions, may or may not be seriously wrong, and 
we obtain corresponding lines in the T-<f) field subject to errors 
of the same imcertain magnitude. In effect, the usual method of 
transferring a diagram from the P-V to the T~<l> field consists in 
determining the quality of the steam from a number of points 
around the P-V diagram, on the assumption: 

(a) That the total weight of steam (engine + clearance) re¬ 
mains the same throughout the cycle, and (h) that the quality of 
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this weight of steam for any point may be found by comparing the 
volume which it does actually occupy with that which it should 
occupy at the same pressure if it were dry and saturated 

In other words, all condensing and evaporation processes are 
assumed to take place in the cylinder. Quality, pressure, or tem¬ 
perature are all that is required to determine entropy, and the 
transfer is thus very simple. But condition (a) only holds for the 
cxi>ansiou line and is not true for all the other lines of the P-V 
diagram, although the assumptions made give lines in the T-(l> 
field which show the heat changes with fair approximation, except 
for the compression line, for which the real conditions are certainly 
far different from those assumed. Whenever assumption (a) is 
incorrect it of course affects assumption (b) in like manner. 

The principle upon which the T-<i> diagram in general rests has 
already been explained in Article 183. The method of transferring 
an actual card will be illustrated in connection with Fig. 470, This 
represents a diagram taken from a single-cylinder throttling engine* 


The data required are as follows: 

Diameter of cylinder. 6 ins. 

Stroke . 8 ins. 

Clearance, average. J2 per cent 

Revolutions per minute. 186 

Scale of spring . 40 lbs. 

Pressure, absolute, steam pipe. i2g lbs. 

Pressure, absolute, steam chest. 85 lbs. 

Barometer . . 14.5 lbs. 

Quality o{ steam, steam chest.. 98.8 per cent 

Steam used per hour, from test. 351 lbs. 

Length of card . 3.41 ins. 

Derived quantities: 

Cylinder volume.131 cu. ft. 

Clearance volume...016 cu. ft. 

Total volume ...147 cu. ft. 

Weight of engine steam per stroke ...0157 lb. 

Weight of clearance steam per stroke. .0020 lb. 

Total weight per stroke (engine + clearance) ... .0177 lb. 


The preliminary work consists in laying in the zero pressure 
line in Fig. 470 and dividing the card into horizontal strips at definite 
pressure intervals with zero jiressure as the reference line. The 
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intersections of the horizontal lines with the lines of the diagram 
give a number of definite points of reference. Where the changes 
of volume and pressure are rapid, as around the toe of the card, 



s 


intermediate reference points may be chosen. In this particular 
case there are twenty such reference points (see Fig. 470). This 
card shows inertia waves in the admission line. In such cases 
it is common to draw in the average pressure line as shown. 
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Next construct a table (see below) with the columns headed as 
shown. Colunms i and 2 are self-explanatory; the data for 3, 5, 8, 
and 10 are read directly from the steam-table. Column 4 is obtained 
by measurement from the indicator-eard. For point 5, for example, 
the distance from the line of zero volumes is 2.64 inches. The total 
length of the card itself is 3.41 inches, which equals .131 cubic foot. 

Hence volume to point 5 = X .131 * -1015 cubic foot. Column 

341 

6 is obtained by dividing the volumes in column 4 by .0177, the 
toPil weight of steam, the result being the volume that this mixture 
of steam and water would occupy per pound. Column 7, the 
dryness fraction, is obtained by dividing column 6 by column 5. 
The method of finding column 9 is obvious, while column 11 is the 
sum of columns 9 and 10. 


X 

Ab5. Pressure, j ! 

Lbs 1 1 

3 

4 

5 

6 

7 

8 

9 

JO 

XI 

1 

§ 

1 

& 

d 

a 

fH 

Volume to Point, 
Cu. Ft, 

Specific VoL per 
Lb Dry and 

Sat Steam. 

Volume of Actual 
Steam per Lb. 

Dryne^ Frac¬ 
tion, X. 

i 

*3 

1.- 

a 

H 

■I- 

Entropy of 

Liquid, 

if 

H 

I 

80 

312 

,0160 

5 47 

.91 

.167 

1.1665 

. 1912 

4535 

.644 

2 

70 

303 

.0575 

6.20 

3*25 

.524 

I , I896 

6280 

.4411 

1.069 

3 

62 

29s 

•0853 

6 95 

4 77 

.688 

I.2104 

.8320 

4302 

1.262 

4 

60 

293 

.0877 

7-17 

4.95 

,6go 

1.2160 

8370 

.4272 

1.264 

5 

50 

281 

1015 

8.51 

5 73 

■ ^75 

I . 2468 

.8410 

•4113 

1.252 

6 

40 

267 

•1323 

10.49 

7 48 

•713 

I 2841 

9170 

3920 

1.309 

7 

38 

264 

. 1420 

II .or 

8.05 

■ 730 

1 , 2950 

.9470 

■3877 

1.335 

8 

30 

250 

,1460113.74 

8.24 

.600 

I 3311 

, 7960 

.3680 

1.164 

Q 

25 

240 

.147011(1.30 

8.31 

.510 

I 3604 

. 6930 

3532 

1.046 

10 

20 

228 

.1470 

20.08 

S.31 

.413 


•5780 

•3355 

•9^3 

11 

18 

222 

. I300[2 2 . 16 

7 35 

•331 

1 4127 

. 4690 

.3273 

,796 

12 I 

16.5 

218 

, oSc;o 24 00 

5 03 

. 20i) 

1.4261 

. 2980 

.3-208 

.618 

T3 

16.5 

218 

.O47o'24,oo 

2.76 

’II5 

1.4261 

. 1640 

.3208 

484 

14 

20 

228 

.0418 

20 08 

2.3<) 

.117 

1-3965 

.1640 

.3355 

.499 

IS 

30 

250 

,0271 

13-74 

I.S3 

.112 

I-33II 

. 1480 

.3680 

.516 

16 

40 

2O7 

,0182 

10 49 

1.03 

.098 

I . 2841 

.1255 

.3920 

.517 

17 

46 

270 

,0160 

9.18 

.91 

.099 

I , 2607 

.1247 

.4040 

.531 

18 

50 

28t 

.0160 

8.51 

.01 

.TO7 

I . 2468 

•1334 

.4113 

544 

19 

60 

293 

.0160 

7.17 

.91 

.127 

I.2I6o 

.1548 

.4272 

582 

20 

70 

303 

,0160 

6,20 

.91 

,147 

I.1896 

•>74S 

.4411 

.615 


The last step consists in plotting the results in columns 3 and 11 
(see Fig. 471). Choose any convenient scale for t and 4 >. The water 
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line AB and the steam line CD are drawn directly by aid of steam- 
table data. Plotting the values in columns 3 and ri gives the 
closed diagram shown, in which the points are marked with their 
proper reference number. This makes it easy to identify the lines 
with those on the P-V diagram. 



‘Fic. 471 —Entropy Diagram por Card Shown in Fig. 470. 

To get some idea of the use of such a diagram, plot next what may 
be considered the theoretical (Rankine) diagram, assuming that 
the steam reaches cut-off under steam-chest conditions, that it then 
expands adiabatically to the end of the stroke, that next we have 
constant-volume exhaust to back pressure, and finally constant- 
pressure exhaust to the end of the stroke without compression. 
This diagram is marked I-II-III-IV-V on the P~V card, Fig. 470. 
The steam-chest pressure is 8$ pounds, the quality 98.8 per cent, so 
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that .0177 pound of this steam would locate the point 11 . These 
conditions in the steam chest also determine f = 316 degrees 
and total entropy = 1.1561 X .988 -f .4590 = 1.602, by means of 
which point II on the entropy diagram, Fig. 471, may be fixed. The 
rest of the theoretical diagram on the entropy chart is drawn by 
the method already explained for the real card. 

In the real engine the steam in the steam chest, whose condition 
is defined by the point I, Fig. 471, due to wire drawing or passing 
through the valves and to initial condensation, changes its condition 
until at cut-off it is defined by point 3. The exact location of the 
line along which this change takes place is uncertain because of the 
lack of necessary data. It must be obvious from this and from 
the statements made above, that the exact itemizing of the heat 
losses and heat interchanges is hardly possible by means of such a 
diagram. Generally the interpretation is as follows; 

The loss represented by the area 1-3-3'-!', Fig. 471, is attributed 
to wire drawing. 

The shape of the expansion line shows that heat is lost to the 
cylinder w’alls from 3 to 5, and that re-evaporation lakes place from 
5 to 7. The areas below 3-5 and 5-7 to the </>-axis (zero of absolute 
temperature) represent the amounts of the respective heat inter¬ 
changes. 

The area 3'-II-TI'-3" represents the loss due to initial con¬ 
densation. 

The loss due to early release is shown by the area 7-10-12-7' for 
the real card and III-IV-II' for the Rankine diagram. 

The line 13-14 .... 20-1 shows a gain of entropy from the begin¬ 
ning, but no dependence should be placed in what this line seems 
to indicate on account of the arbitrary assumption made in obtain¬ 
ing it. 

355. Steam-chest and Steam-pipe Diagrams. — These diagrams 
are sometimes taken in order to determine the pressure variations 
in steam chests and pipes. They are occasionally useful in bringing 
out wire drawing and other losses that may be due to insufficient 
pipe capacity. The method of taking them is exactly the same as 
for the cylinder diagram. Fig. 472 shows a steam-pipe and Fig. 
473 a steam-chest diagram taken directly above the cylinder diagram 
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from a 30 inch X 60 inch Bass Corliss engine.* Concerning the 
last diagram, Barrus makes the point that since the wire-drawing 
loss in the cylinder card is accompanied by about the same loss of 



Fig. 472.—Steam-Pipe Diagram in Connection with Inok’ator Card. 

pressure in the chest, the trouble is not due to the valve but to 
some cause between the steam chest and the boiler. The steam- 
pipe diagram would indicate that the pipe is too small, although 
as a matter of fact the loss of pressure is not at all excessive. 



Fig. 473.— Steam-Chest Diagram in Connection with Indicator Card. 

356. Displaced Diagrams and Time Diagrams. — The ordinary 
diagram is drawn with an - harmonic motion, the speed being a 
* Reproduced from Barrus, The Star Improved Indicator. 
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maximum near the middle of the stroke, while near each end the 
speed is much less and is zero at the end of the stroke. This in a 
sense disguises the pressure variations occurring at the ends of the 
stroke. For certain purposes of study (explosion actions in gas 
engines, valve gear actions in steam engines, etc.) the pressure 
variations at the ends of the card are of the greatest importance, 
and in this connection displaced or distorted diagrams and time 
diagrams are of service. 



Fig. 474. — Displaced Diagram from a Gas Engine. 


In the case of displaced diagrams, the reducing motion is simply 
so constructed as to lag behind or lead the engine crank by a certain 
definite angle. If, for instance, the angle is made 90 degrees in the 
case of the gas engine, the diagram obtained will be somewhat of 
the shape of Fig. 474. The pressure variations during compression 
and explosions may from such a diagram be studied with much 
greater accuracy than from the regular tyj^e. 



Fig. 475. — Crank Shaft Diagram from a Steam Engine. 

The motion for an indicator may of course be taken from any 
moving part of the engine and occasionally crank-shaft diagrams. 
Fig. 47 s, are taken for the purfiose of studying valve gear action. In 
such a case the distances moved by the drum are made proportional 
to the travel of the crank-pin, not to that of the piston. In the 
figure, line AB is the exhaust, BC compression, CDE admission, 
and EA expansion. Marks FF indicate the travel for one stroke 
(180 degrees). 
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In the time diagram, the oscillating motion of the drum is replaced 
by continuous uniform motion, by means of special apparatus 
(chronograph). For a gas engine a time diagram would look as 
indicated in Fig. 476. 



It need hardly be mentioned that none of the displaced or time 
diagrams can be used for the determination of powc'r without trans¬ 
position. 


II. Gas-Engine Diagrams 

357. Theoretical and Normal Diagrams. - The lines of the 
theoretical gas-engine diagrams and the efluiency formulas for these 
diagrams have already lK*en discussed in Art. 185, Chap. XI. In 
that connection only the lines of the actual power diagram were 
considered In practice, however, normal diagrams show also 
suction and exhaust Hues, at least in the case of 4-cyclc engines, 
while in 2-cycle engines there must always be a“pump” diagram sej)- 
arate from the power cylinder card. The suction and exhaust lines 
of a 4-cycie diagram also enclose an area, known as the lower-loop 
diagram, and this diagram, or the pump diagram of the 2-cyde 
engine, represents the work required for scavenging and charging 
the power cylinder. The term “ fluid ” friction is sometimes used 
to designate the work so expended. It is of course not available 
for useful purposes, lowers the brake horse power developed, and is 
in that sense a loss. 

In the normal 4-cycle gas-engine diagram, either from a constant- 
volume (Otto) engine or from a constant-pressure (Diesel) engine, 
the lower-loop diagram is not sufficiently clear to allow of integra¬ 
tion for the purpose of determining the fluid friction loss, on account 
of the stiffness of indicator spring necessary to obtain the rest of the 
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diagram. See Figs. 477 and 478. The former of these is from a 6- 
H.P. Hornsby-Akroyd oil engine, the latter from a 1inch X 18 
inch Struthers-Wells natural-gas engine. The latter diagram shows 
the loop well. As might be expected, the Diesel engine card, Fig. 



479, shows no indication of a lower loop on account of the extremely 
stiff spring that had to be u.sed to stand the maximum pressure 
(over 500 pounds per square inch). 

To determine accurately the horse power lost in fluid friction, it 
becomes necessary to take lower-loop diagrams. This is done by 



Fig. 478,—Normal Diagram, 4-cycle Gas Engine. 


using a weak spring and putting a “ stop on the piston-rod of the 
indicator piston, to prevent wrecking the spring. A good example 
of this kind of diagram, taken from a 7 inch X 9 inch Fairbanks 
gasoline engine, is shown in Fig. 480. The arrows show which way 
the lines were traced and the lines themselves are marked. 
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Abnormal features may occur in gas-engine diagrams due to a 
variety of causes whose number is probably even greater than in 
the case of steam-engine cards. What has been said under steam- 
engine diagrams concerning the faults due to indicator, reducing 
motion and connections, applies with generally equal force also to 



Fio. 479 .—Normal Diagram, Diesel ENCiiNE. 


gas-engine diagrams. Besides faulty valve timing, which is analo¬ 
gous to wrong valve setting in the steam engine, we have in the 
case of the gas engine also chances of error in wrong spark-timing, 
bad proportion of mixture, non-uniformity of mixture, etc. What 
can be accomplished by prop>cr or improper control of mixture and 



Fig. 480. — Lower Loop Diagram, Fairbanks Gasolene Engine, 

spark is well shown in the series of cards, Fig. 481, a to /, which were 
taken from a 7 inch X 9 inch Fairbanks gasoline engine. 

Figs. 482, a, b, and c were taken from a 6-H.P. Hornsby-Akroyd 
oil engine. This engine ignites by compression, so that there is no 
spark control. 

The most valuable aid to determine whether the valves are of 
proper size, or whether the valve timing is right, is the lower-loop 
diagram. Fig. 480 in this connection shows a normal lower loop. 
Figs. 483, a, b, and c were obtained from a Hornsby-Akroyd engine. 
Compare the magnitude of the loss in b and c with that in a. A 
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a, 

Miifture normal. Spark normal. 



Mixture lean. Spark changed from what would be normal for normal mixture 
. to advanced position. Diagrams in order a, c, d. 



Mixture changed norma! to rich. Spark normal for normal mixture. 
Cards in order a, 6 , c. 

Fig, 481. (« to c.) 












THE INDICATOR 




Oil Supply normal. Air Supply graduall) 



Case of Pre-ignition. 

Fig. 482. 


too high. 


^ K c.) 
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good example of the complexity of the actions that may take place 
during exhaust and suction with high qjeeds is shown in Fig. 484. 




c. 

Exhaust Valve closes too early, 

Fio. 483. (a, b, c.) 

Inertia effects are shown on most of the cards in the series, Figs. 
481, a to /. An extreme case of this is shown in Fig. 485. This 



points directly to a bad choice of spring (generally too weak), 
although there is some controversy among authorities as to whether 
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some indications of this kind are not due to a series of explosion 
waves correctly recorded by the indicator. 



A typical 2-cycle diagram from the power cylinder is shown in 
Fig. 486. The exhaust port or valve opens at c and the pressure 
drops very quickly to nearly atmosphere. The new charge then 



enters, charging is complete by the time b is reached, when the 
exhaust and inlet valves close and compression begins. For further 
details see Chapter XXI on gas engines. 

358. The Actual Entropy Diagram for a Gas or a Mixture of 
Gases. — The entropy diagram for a gas engine is even more 
approximate than that for a steam engine, because in the present 
state of our knowledge we do not possess the means for a definite 
computation of heat quantities around the cyde. This is due to 
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the fact that, although the laws of variation of the specific heats 
Cp and C« with temperature are now fairly well known for the 
lower temperatures occurring in a gas engine cycle, considerable 
uncertainty still exists for temperatures over 2000° F. (See 
Chap. XXI.) The problem is further complicated by the complex 
actions along the combustion line, which, according to recent re¬ 
searches, make it probable that during this period the quantities 
of heat existing cannot be computed in the ordinary way by aid 
of values of Cp and C, determined by experiments on mixtures of 
the same composition and corresponding temperatures, but unac¬ 
companied by the energy (chemical) interchanges that occur along 
the combustion line. It is usual, in present practice, to avoid all 
these difficulties by computing Cp and C„ for the mixture as it 
enters the cylinder, and then to assume that these remain constant 
throughout the cycle. An improvement ujion this method is to 
analyze the exhaust gases (or to compute the analysis apj)roxi- 
raately from the ratio of fuel to air used) and to compute C’p and 
C, for the burned gases as well as for the fresh mixture from the 
specific heats of the component gases. Either method is an ap¬ 
proximation only. Further approximations result from the fact 
that in the 4-cycle engine diagram the lower loop is generally 
neglected, and, in the case of the Diesel engine, the charge weight 
is not constant. 

The simplest method* of transferring a P-V diagram for a gas 
engine to the T—<i> field is the following. I'o take a concrete 
case. Fig. 487 represents a card from a 7-H.P. 4-cycle illuminating 
gas engine.t This is the actual card transferred to cross-section 
paper because this transfer makes all measurements of pressure and 
volume direct. The lower loop (shaded area) is neglected. Draw 
a line g-a to close the diagram. From the engine test obtain the 
following data: 

(a) Clearance and stroke volumes (.28 and .46 cubic foot). 

{h) The ratio of air to fuel (13.8 by weight). 

* For a more elaborate method, see Carpenter & Diederichs Interna! Combustion 
Engines, Chapter V. 

t This card shows very low compression and explosion pressures, but will serve the 
purpose of showing the method of transfer as well as any other. 
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(c) The temperature at point a. H this is not known, it will 

have to be assumed. (739 degrees abs.). 

(d) The values of Cp and C, for the mixture at point a. These 

are assumed constant for the entire cycle (Cp = .265, 
Cp = .191). 



FtG 487. 

Draw in the line of zero pressure OX and the line of zero volume 
OF. At any convenient volume division, draw a vertical. MN. 
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Through the point a, for which the temperature is known, draw an 
isothermal line (FV = const., with OX and OF as axes) to cut the 
line MN in point i. Choose any other number of convenient 
pressure intervals along the line MN, as 2, 3, 4, etc,, and through 
them draw isothermal lines. Each one of these cut the card in two 
points. Thus the isothermal drawn through the point 6 (260 
pounds) cuts the card in 6 ' and 6". 

Temperatures along the line MN can be computed (since tem¬ 


perature at point I is known) from the relation 


i’l 


I?, Ti 

Tx Fv^ Ti 

etc. (Note that all temperatures are absolute). This at once 
determines the temperatures for a number of points around the 
card, for Te = Tv = Tv- 

To draw the entropy diagram for one pound of the mixture choose 
convenient scales of T and see Fig. 488. 

The general equation for a change of entropy in gases is 


c; log,|? -f (Cp - C.,) log,^. 

i 1 y I 

The line MN is a constant-volume line, hence ^ == i, and the 

VI 

second term of the right hand member in the above equation is o. 
Also, if we assume arbitrarily that the entropy for 32 degrees is 
zero, the equation for any point, as 6, on the line MN becomes 


^ = C* loge 


Te 


492 


Compute a sufficient number of values for other points from this 
equation to locate the line MN, Fig. 488. 

Next compute the entropy for a number of points on the diagram. 
To explain the method, take point 6' as an example. 

For the change from 6 to 6 ', the first term of the general equation 
above becomes o, since Tt, = Tv, and the equation becomes 

<t>v — <f>6 => (Cp — C„) log, ~ • 


Lay off the entropies thus computed from the line MN. Com¬ 
pute for sufficient points to locate the diagram, Fig. 488. The 



/ 
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Fig. 488. —Entkopv Dxagkam jfor Gas Engine. 
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resulting diagram is abed, the points marked being those indicated 
by the same letters in Fig. 487. 

To interpret this diagram it will be necessary to draw in the ideal 
Otto cycle diagram for the heat content of a pound of the mixture 
used, see Fig. 254, p. 349. This is indicated in Fig. 488 by the area 
ah'c'd'a. Then the various areas may be taken to represent the 
following heat quantities: 

Area i' ft c 3' i' heat received along combustion line. 

Area cf 3' heat received during expansion. 

Area 4' dj $' 4' heat lost to cylinder walls during expansion. 

Area 2' a d 4' 2' heat lost in exhaust. 

Area 2' a b i' 2' heat lost in compression. 

Area 4'd f c c'd' b' 4' heat lost in radiation and conduction 
(jacket loss, etc.). 

The last loss is very approximate only, since the assumption of 
constant specific heats affects this loss area very largely. 



CHAPTER XVII. 


THE TESTING OF STEAM BOILERS. 

359. Methods of Testing Steam Boilers. — In 1884 the American 
Society of Mechanical Engineers adopted a code for the testing of 
steam boilers which was published in Vol. VI of the Transactions. 
This code was revised in 1899,* the full text, together with a number 
of appendices, being published in Vol. XXI. The Code is repro¬ 
duced in full in the follomng pages. In the forty-one appendices 
attached to the Code in the Transactions the various members of the 
code committee express their views on certain provisions in greater 
detail, offer more detailed suggestions concerning certain operations, 
discuss instruments, apparatus, etc. To quote all of this material 
in full would occupy too much space, especially since many of the 
subjects mentioned have already been discussed in other parts of 
this book. But many of the remaining suggestions are valuable 
and to the point, and for that reason it is thought best to abstract 
these and to offer them as a sort of comment on the rules of the 
Code. 

The Code has now been established some ten years. In that 
time there has been obtained more accurate information regard¬ 
ing some subjects, as, for instance, the heat content of steam. 
Further, the practice of many testing engineers differs somewhat, 
although in no important detail, from some of the rules. It 
was thought best, therefore, in commenting upon the rules, 
also to take into account these developments and varying view¬ 
points. 

Whenever a rule has been thus annotated, the page reference 
to the note is given in every case. The notes themselves give 
chapter or page reference if the subject matter of the rule to which 
the note refers is treated in other parts of this book. 

* The Society has been at w^ork on the revision of the codes for testing power 
plant apparatus, but the rules have not at this writing been finally approved. A pre- 
liminaiy revision was published in 1912. 
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RULES FOR CONDUCTING BOILER TRIALS. 

Code oe 1899. 

I, Dekrmlm at the outset the specific object of the proposed trial, whether 
it be to ascertain the capacity of the boiler, its efficiency as a steam generator, 
its efficiency and its defects under usual working conditions, the economy of 
some particular kind of fuel, or the effect of changes of design, proportion, or 
operation; and prepare for the trial accordingly (see note, p. 7x0), 

IL Examine the boiler^ both outside and inside; ascertain the dimensions 
of grates, heating surfaces, and all important parts; and make a full record, 
describing the same, and illustrating special features by sketches- The area 
of heating surface is to be computed from the surfaces of shells, tubes, furnaces, 
and fire-boxes in contact with the fire or hot gases. The outside diameter of 
water-tubes and the inside diameter of fire-tubes are to be used in the computa¬ 
tion. All surfaces below the mean water level which have water on one side 
and products of combustion on the other are to be considered as water-heating 
surface, and all surfaces above the mean water level which have steam on one 
side and products of combustion on the other are to be considered as super¬ 
heating surface (see note, p. 710). 

III. Notice the general condition of the boiler and its equipment, and record 
such facts in relation thereto as bear upon the objects in view. 

If the object of the trial is to ascertain the maximum economy or capacity 
of the boiler as a steam generator, the boiler and all its appurtenances should 
be put in first-class condition. Clean the heating surface inside and outside, 
remove clinkers from the grates and from the sides of the furnace. Remove all 
dust, soot, and ashes from the chambers, smoke connections, and flues. Close 
air leaks in the masonry and poorly fitted cleaning doors. See that the damper 
will open wide and close tight. Test for air leaks by firing a few shovels of 
smoky fuel and immediately closing the damper, observing the escape of smoke 
through the crevices, or by passing the flame of a candle over cracks in the 
brickwork. 

IV. Determine the character of the coal to be used. For tests of the efficiency 
or capacity of the boiler for comparison with other boilers the coal should, if 
possible, be of some kind which is commercially regarded as a standard. For 
New England and that portion of the country east of the Allegheny Mountains, 
good anthracite egg coal, containing not over 10 per cent of ash, and semi- 
bituminous Clearfield (Pa.), Cumberland (Md.), and Pocahontas (Va.) coals 
are thus regarded. West of the Allegheny Mountains, Pocahontas (Va.) and 
New River (W. Va.) semi-bituminous, and Youghiogheny or Pittsburg bitu¬ 
minous coals are recognized as standards,’*' There is no special grade of coal 

* These coals are selected because they are about the only coals which possess the 
essentials of excellence of quality, adaptability to various kinds of furnaces, grates, 
boilers, and methods of firing, and wide distribution and general accessibility in the 
markets. See various appendices in Vol. XXI, Transactions A. S. M. E. 
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mined in the Western States which is widely recognized as of superior quality 
or considered as a standard coal for boiler testing. Big Muddy lump, and 
Illinois coal mined in Jackson County, III., is suggested as being of sufficiently 
high grade to answer these requirements in districts where it is more con¬ 
veniently obtainable than the other coals mentioned above. 

For tests made to determine the performance of a boiler with a particular 
kind of coal, such as may be specified in a contract for the sale of a boiler, the 
coal used should not be higher in ash and in moisture than that specified, since 
increase in ash and moisture above a stated amount is apt to cause a falling off 
of both capacity and economy in greater proportion than the proportion of 
such increase (see note, p. 711). 

V. Establish the correctness of all apparatus used in the test for weighing and 
measuring. These are: 

1. Scales for weighing coal, ashes, and water. 

2. Tanks, or water meters, for measuring water. Water meters, as a rule, 
should only be used as a check on other measurements. For accurate work, 
the water should be weighed or measured in a tank. (See Chapter XII.) 

3. Thermometers and pyrometers for taking temperatures of air, steam, 
feed-water, waste gases, etc. (Chapter VII.) 

4. Pressure-gauges, draught-gauges, etc. (Chapter VI.) 

The kind and location of the various pieces of testing apparatus must be 
left to the judgment of the person conducting the test; always keeping in mind 
the main object, i.e., to obtain authentic data. (See note, p. 711.) 

VI. See that Ihe boiler is thoroughly heated before the trial to its usual working 
temperature. If the boiler is new and of a form provided with a brick setting, 
it should be in regular use at least a week before the trial, so as to dry and heat 
the walls. If it has been laid off and has become cold, it should be worked 
before the trial until the walls are well heated, 

VII. The boiler ami connections should be proved to be free from leaks before 
beginning a test, and all water connections, including blow and extra feed pipes, 
should be disconnected, stopped with blank flanges, or bled through special 
openings beyond the valves, except the particular pipe through which water 
is to be fed to the boiler during the trial. During the lest the blow-off and feed 
pipes should remain exposed to view. (See note, p. 71O 

If an injector is used, it should receive steam directly through a felted pipe 
from the boiler being tested.* 

* In feeding a boiler undergoing test with an injector taking steam from another 
boiler, or from the main steam pipe from several boilers, the evaporative results may 
be modified by a difference in the quality of the steam from such source compared 
with that supplied by the boiler being te.sted, and in some cases the connection to 
the injector may act as a drip for the main steam pipe. If it is known that the steam 
from the main pipe is of the same pressure and quality as that furnished by the boiler 
undergoing the test, the steam may be taken from such main pipe. 
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If the water is metered after it passes the injector, its temperature should 
be taken at the point where it leaves the injector. If the quantity is deter¬ 
mined before it goes to the injector the temperature should be determined on 
the suction side of the injector, and if no change of temperature occurs, other 
than that due to the injector, the temperature thus determined is properly 
that of the feed-water. When the temperature changes between the injector 
and the boiler, as by the use of a heater or by radiation, the temperature at 
which the water enters and leaves the injector and that at which it enters 
the boiler should all be taken In that case the weight to be used is 
that of the water leaving the injector, computed from the heat units 
not directly measured, and the temperature, that of the water entering the 
boiler. 


Let w — weight of water entering the injector. 

:r = “ “ steam “ 

hi = heat units per pound of water entering injector. 
h, = “ ‘‘ “ steam 

hi » “ water leaving 

Then, w + ir == weight of water leaving injector. 

hi — hi 

— -• 

rh — hz 


See that the steam main is so arranged that water of condensation cannot 
run back into the boiler. 

VIIL Duration of the Test, — For tests made to ascertain either the maxi¬ 
mum economy or the maximum capacity of a boiler, irrespective of the par¬ 
ticular class of service for which it is regularly used, the duration should be 
at least lo hours of continuous running. If the rate of combustion exceeds 
25 pounds of coal per square foot of grate surface per hour, it may be 
stopped when a total of 250 pounds of coal has been burned per square foot 
of grate. 

In cases where the service requires continuous running for the wholv ' ^ hours 
of the day, with shifts of firemen a number of times during that pt*^^, it is 
well to continue the test for at least 24 hours 

When it is desired to ascertain the performance under the working con iitions 
of practical running, whether the boiler be regularly in use 24 hours a day or 
only a certain number of hours out of each 24, the fires being banked the balance 
of the time, the duration should not be less than 24 hours. 

IX. Starting and Stopping a Test. — The conditions of the boiler and furnace 
in all respects should be, as nearly as possible, the same at the end as at the 
beginning of the test The steam pressure should be the same; the water level 
the same; the fire upon the grates should be the same in quantity and condition; 
and the walls, flues, etc., should be of the same temperature. Two methods 
of obtaining the desired equality of conditions of the fire may be used, viz.: 
those which were called in the Code of 1885 “ the standard method ” and the 
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alternate method/’ the latter being employed where it is inconvenient to make 
use of the standard method,'*' (See note, p. 713O 

X. Standard Method of Starting and Stopping a Test. — Steam being raised 
to the working pressure, remove rapidly all the fire from the grate, close the 
dampxir, clean the ash pit, and as quickly as possible start a new fire with 
weighed wood and coal, noting the time and the w^ater levelf while the water 
is in a quiescent state, just before lighting the fire, 

At the end of the test remove the whole fire, which has been burned low, 
clean the grates and ash pit, and note the w^ater level when the water is in a 
quiescent state and record the time of hauling the fire. The water level should 
be as nearly as possible the same as at the beginning of the test. If it is not 
the same, a correction should be made by computation, and not by operating 
the pump after the test is completed, 

XI. Alternate Method of Starting ami Stopping a Test. — The boiler being 
thoroughly heated by a preliminary run, the fires are to be burned low and well 
cl(‘aned. Note the amount of coal left on the grate as nearly as it can be 
estimated; note the t^ressurc of steam and the water level Note the time, and 
record it as the starting time. Fresh coal which has been weighed should 
now^ be fired. The ash pits should be thoroughly cleaned at once after starting. 
Before the end of the test the fires should be burned low, just as before the 
start, and the fires cleaned in such a manner as to leave a bed of coal on the 
grates of the same depth, and in the same condition, as at the start. Wdien 
this stage is reached, note the time and record it as the stopping time. The 
water level and steam pressures should previously he brought as nearly as 
possible to the same point as at the start. If the water level is not the same as 
at the .start, a correction should be made by computation, and not by operating 
the pump after the lest is completed. 

XII. Uniformity of ComUtlons. —In all trials made to ascertain maximum 
economy or capacity, the conditions should be maintained uniformly constant. 
Arrangements should be made to dispose of the steam so that the rate of 
evaporation may be kept the same from beginning to end. This may be accom¬ 
plished in a single boiler by carrying the steam through a waste steam pipe, the 
discharge from which can be regulated as desired. In a battery of boilers, in 
which only one is tested, the draft may be regulated on the remaining boilers, 
leaving the test boiler to work under a constant rale of production. 

* The Committee concludes that it is best to retain the designations “.stand¬ 
ard” and “alternate,” since they have l)ecome widely known and established in 
the mind.s of engineers and in the reprints of the Code of 1885. Many engineers 
prefer the “ alternate ” to the “ standard ” method on account of it being less liable 
to error due to cooling of the boiler at the beginning and end of a test, 

t The gauge-glass should not be blown out within an hour before the water level 
is taken at the beginning and end of a test, otherwise an error in the reading of the 
water level may be caused by a change in the temperature and density of the water 
Tn the pif)e leading from the bottom of the gla.s.s into the boiler. 
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Uniformity of conditions should prevail as to the pressure of steam, the 
height of water, the rate of evaporation, the thickness of fire, the times of firing 
and quantity of coal fired at one time, and as to the intervals between the times 
of cleaning the fires. 

The method of firing to be carried on in such tests should be dictated by the 
expert or person in responsible charge of the test, and the method adopted 
should be adhered to by the fireman throughout the test, 

XIII. Keeping the Records* Take note of every event connected with the 
progress of the trial, however unimportant it may appear. Record the time of 
every occurrence and the time of taking every weight and every observation. 

The coal should be weighed and delivered to the fireman in equal propor¬ 
tions, each sufficient for not more than one hour’s run, and a fresh portion 
should not be delivered until the previous one has all been fired. The time 
required to consume each portion should be noted, the time being recorded at 
the instant of firing the last of each portion. It is desirable that at the same 
time the amount of water fed into the boiler should be accurately noted and 
recorded, including the height of the water in the boiler, and the average 
pressure of steam and temperature of feed during the time. By thus recording 
the amount of water evaporated by successive portions of coal, the test may 
be divided into several periods if desired, and the degree of uniformity of com¬ 
bustion, evaporatipn, and economy analyzed for each period. In addition 
to these records of the coal and the feed-water, half-hourly observations should 
be made of the temperature of the feed-water, of the flue gases, of the external 
air in the boiler-room, of the temperature of the furnace when a furnace pyrom¬ 
eter is used, also of the pressure of steam, and of the readings of the instru¬ 
ments for determining the moisture in the steam. A log should be kept on 
properly prepared blanks containing columns for record of the various observa¬ 
tions. (See note, p. 714, also p. 716.) 

When the ‘‘ standard method ” of starting and stopping the test is used, the 
hourly rate of combustion and of evaporation and the horse power should be 
computed from the records taken during the time when the fires are in active 
condition. This time is somewhat less than the actual time which elapses 
between the beginning and end of the run. The loss of time due to kindling 
the fire at the beginning and burning it out at the end makes this course 
necessary. 

XIV. Quality of Steam. — The percentage of moisture in the steam should 
be determined by the use of either a throttling or a separating steam calorimeter. 
The sampling nozzle should be placed in the vertical steam pipe rising from the 
boiler. It should be made of i-inch pipe, and should extend across the diam¬ 
eter of the steam pipe to within half an inch of the opposite side, being closed 
at the end and perforated with not less than twenty 1-inch holes equally dis¬ 
tributed along a45id around its cylindrical surface, but none of these holes should 
be nearer than i inch to the inner side of the steam pipe. The calorimeter 
and the pipe leading to it should be well covered with felting. Whenever the 
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indications of the throttling or separating calorimeter show that the percentage 
of moisture is irregular, or occasionally in excess of three per cent, the results 
should be checked by a steam separator placed in the steam pipe as dose to the 
boiler as convenient, with a calorimeter in the steam pipe just beyond the out¬ 
let from the separator. The drip from the separator should be caught and 
weighed, and the percentage of moisture computed therefrom added to that 
shown by the calorimeter. 

Superheating should be determined by means of a thermometer placed in a 
mercury well inserted in the steam pipe. The degree of superheating should be 
taken as the difference between the reading of the thermometer for super¬ 
heated steam and the readings of the same thermometer for saturated steam at 
the same pressure as determined by a special experiment, and not by reference 
to steam tables. (See note, p. >17.) 

XV. Sampling the Coal and Determining its Moisture. — As each barrow 
load or fresh portion of coal is taken from the coal pile, a representative shovel¬ 
ful is selected from it and placed in a barrel or box in a cool place and kept 
until the end of the trial. The samples are then mixed and broken into pieces 
not exceeding one inch in diameter, and reduced by the process of repeated 
quartering and crushing until a final sample weighing about five pounds is 
obtained, and the sixe of the larger pieces is such that they will pass through a 
sieve with i-inch meshes. From this sample two one-quart, air-tight glass 
preserving jars, or other air-tight vessels which will prevent the escape of 
moisture from the sample, are to be promptly filled, and these samples are to 
be kept for subsequent determinations of moisture and of heating value and 
for chemical analyses. During the process of quartering, when the sample has 
been reduced to about 100 pounds, a quarter to a half of it may be taken for an 
approximate determination of moisture. This ‘may be made by placing it in a 
shallow iron pan, not over three inches deep, carefully weighing it, and setting 
the pan in the hottest place that can be found on the brickwork of the boiler 
setting or flues, keeping it there for at least 12 hours, and then weighing it. 
The determination of moisture thus made is believed to be approximately 
accurate for anthracite and semi-bituminous coals, and dso for Pittsburg or 
Youghiogheny coal; but it cannot be relied upon for coals mined west of Pitts¬ 
burg, or for other coals containing inherent moisture. For these latter coals 
it is important that a more accurate method be adopted. The method recom¬ 
mended by the Committee for all accurate tests, whatever the character of the 
coal, is described as follows: 

Take one of the samples contained in the glass jars, and subject it to a 
thorough air-drying, by spreading it in a thin layer and exposing it for several 
hours to the atmosphere of a warm room, weighing it before and after, thereby 
determining the quantity of surface moisture it contains. Then crush the 
whole of it by running it through an ordinary coffee mill adjusted so as to pro¬ 
duce somewhat coarse grains (less than rir-inch), thoroughly mix the crushed 
sample, select from it a portion of from 10 to 50 grams, weigh it in a balance 
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which will easily show a variation as small as i part in 1000, and dry it in an air 
pr sand bath at a temperature between 240 and 280 degrees Fahr. for one hour. 
Weigh it and record the loss, then heat and weigh it again repeatedly, at in- 
tervals of an hour or less, until the minimum weight has been reached and the 
weight begins to increase by oxidation of a portion of the coal. The difference 
between the original and the minimum weight is taken as the moisture in the 
air-dried coal. This moisture test should preferably be made on duplicate 
samples, and the results should agree within 0.3 to 0.4 of one per cent, the mean 
of the two determinations being taken as the correct result. The sum of the 
percentage of moisture thus found and the percentage of surface moisture 
previously determined is the total moisture. (See note, p. 717.) 

XVI. Treatment of Ashes and Refuse, — The ashes and refuse are to be 
weighed in a dry state. If it is found desirable to show the principal charac¬ 
teristics of the ash, a sample should be subjected to a proximate analysis and 
the actual amount of incombustible material determined. For elaborate trials 
a complete analysis of the ash and refuse should be made. (See note, p. 718 ) 

XVII. Calorific Tests and Analysis of CoaL — The quality of the fuel should 
be determined either by heat test or by analysis, or by both. 

The rational method of determining the total heat of combustion is to burn 
the sample of coal in an atmosphere of oxygen gas, the coal to be sampled as 
directed in Article XV of this code. (Sec Chapter Xlfl.) 

The chemical analysis of the coal should be made only by an expert chemist. 
The total heat of combustion computed from the results of the ultimate analysis 
may be obtained by the use of Dulong^s formula (with constants modified by 


recent determinations), viz.: 14,540 C-f 61,050 



-f- 4000 Sy in which 


C, Hy 0 , and S refer to the proportions of carbon, hydrogen, oxygen, and sul¬ 
phur respectively, as determined by the ultimate analysis.* (See note, p. 7 iq.) 

It is desirable that a proximate analysis should be made, thereby deter¬ 
mining the relative proportions of volatile matter and fixed carbon. These 
proportions furnish an indication of the leading characteristics of the fuel, and 
serve to fix the class to which it belongs. As an additional indication of the 
characteristics of the fuel, the specific gravity should be determined. 

XVIII. Analysis of Flue Oases, — The analysis of the flue gases is an espe¬ 
cially valuable method of determining the relative value of different methods of 
firing, or of different kinds of furnaces. In making these analyses great care 
should be taken to procure average samples — since the composition is apt lo 
vary at different points of the flue. The composition is also apt to vary from 
minute to minute, and for this reason the drawings of gas should last a con¬ 
siderable period of lime. Where complete determinations are desired, the 


* Favre and Silberman give 14,544 B.t.u. per pound carbon; Berthelot, 14,647 
B.t.u. Favre and Silberman give 62,032 B.t.u. per pound hydrogen; Thomson, 
61,8x6 B.t.u. 
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analyses should be intrusted to an expert chemist. For approximate deter¬ 
minations the Orsat* or the Hempelf apparatus may be used by the engineer. 
(See Chapter XIII for treatment of methods, computations, etc.) 

For the continuous indication of the amount of carbonic acid present in 
the flue gases, an instrument may be employed which shows the weight of the 
sample of gas passing through it. 

XIX. Smoke Observations. — It is desirable to have a miiform system of 
determining and recording the quantity of smoke produced where bituminous 
coal is used. The system commonly employed is to express the degree of 
smokine.ss by means of percentages dependent upon the judgment of the 
observer. The Committee does not place much value upon a percentage 
method, because it depends so largely upon the personal element, but if this 
method is used, it is desirable that, so far as possible, a definition be given in 
explicit terms as to the basis and method employed in arriving at the percent¬ 
age. The actual measurement of a sample of soot and smoke by some form of 
meter is to be preferred. (See Chapter XIII, under smoke determination.) 

XX. Misailaneous. —In tests for purposes of scientific research, in which 
the determination of all the variables entering into the test is desired, certain 
observations should be made which are in general unnecessary for ordinar>'' 
tests. These are the measurement of the air supply, the determination of its 
contained moisture, the determination of the amount of heat lost by radiation, 
of the amount of infiltration of air through the setting, and (by condensation 
of all the steam made by the boiler) of the total heat imparted to the water. 
(See note, p. 719.) 

As these determinations are rarely undertaken, it is not deemed advisable 
to give directions for making them. 

XXI Cali ulations of EJficiemy. — Two methods of defining and calculating 
the efficiency of a boiler are recommended. They are: 


1. Efficiency of the boiler - 

2. Efficiency of the boiler and grate 


Heat absorbed [)er lb. combustible ^ 
Calorific value of i lb. combustible 
Heat absorbed per lb. coal 


Calorific value of i lb. coal 


The first of these Ls sometimes called the efficiency based on combustible, 
and the second the efficiency based on coal. The first Ls recommended as a 
standard of comparison for all tests, and this is the one which is understood to 
be referred to when the word “ efficiency ” alone is used without qualification. 
The second, however, should be included in a report of a test, together with the 
first, whenever the object of the test is to determine the efficiency of the boiler 
and furnace together with the grate (or mechanical stoker), or to compare 
different furnaces, grates, fuels, or methods of firing. 

The heat absorbed per pound of combustible (or per pound of coal) is to be 


* See R, S. Haleys paper on Flue Gas Anal>^is,” Transactions, Vol. XVTII, p, 901, 
t See Hempel’s Methods of Gas Analysis,” translated by L. M. Dennis 
(Macmillan & Co.). 
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caiculated by multiplying the equivalent evaporation from and at 212 degrees 
per pound combustible (or coal) by 965.7. (See note, p. 719, concerning 
tilts rule, the following rule* and the Tables below.) 

XXII. The Heat Balance. — An approximate “ heat balance/' or statement 
of the distribution of the heating value of the coal among the several items of 
heat utilised and heat lost, may be included in the report of a test when analyses 
of the fuel and of the chimney gases have been made. It should l>e reported 
in the following form: 


HEAT BALANCE, OR DISTRIBUTION OF THE HEATIN(i VAT.UE OF THE 

COMBUSTIBLE, 

Total Heat value of i lb. of combustible.B.t.u. 


1. Heat absorbed by the boiler « evaporation from and at 212 

degrees per pound of combustible X 965,7. 

2. Loss due to moisture in coal =« per cent of moisture referred 

to combustible -r 100 X ((212 — /) + 966 4 - 0.48 {T — 212)] 
(1 « temperature of air in the boiler-room, T =«= that of the 
flue gases). 

3. Loss due to moisture formed by the burning of hydrogen ~ 

percent of hydrogen to combustible “f- 100 X9Xl(2X2 — /) 
4 966 4 0.48 {T — 212)]. 

4. * Loss due to heat carried away in the dry chimney gases « 

weight of gas per pound of combustible X 0.24 X {T — t). 

CO 

5. t Loss due to incomplete combustion of carbon = ^ 

per cent C in combustible 

-^---X10,150. 

100 

6 Loss due to unconsumed hydrogen and hydrocarbons, to heat¬ 
ing the moisture in the air, to radiation, and unaccounted for. 
(^me of these losses may be separately itemized if data are 
obtained from which they may be calculated.) 

Totals . 


B.t.u. 


Per Cent. 


• The weight of gas per pound of carbon burned may be calculated from the gas analyses as follows: 

Dry gas per pound carbon « —, in wluch COj, CO, O, and N are the 

percentages by volume of the several gases. As the sampling and analyses of the gases in the present 
state of the art arc liable to considerable errors, the result of this calculation is usually only an approxi¬ 
mate one The beat balance itself is also only approximate for this reason, as well as for the fact that it 
is not possible to determine accurately the percentage of unbumed hydrogen or hydrocarbons in the 
ftue gases. 

The weight of dry gas per pound of combustible is found by multiplying the dry gas per pound of 
carbon by the percentage of carbon in the combustible, and dividing by 100. 

t 00 | and CO arc respectively the percentage by volume of carbonic add and carbonic oxide in the 
flue gases. The quantity of zo.xso Number of heat units generated by burning to carbonic add one 
pound of carbon contained in carbonic oxide. 
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XXIIl. Report of the Trial, —' The data and results should be reported 
in the manner given in either one of the two following tables, omitting lines 
where the tests have not been made as elaborately as provided for in such tables.* 
Additional lines may be added for data relating to the specific object of the 
test. The extra lines should be classified under the headings provided in 
the tables, and numbered as per preceding line, with subletters a, 6, etc. The 
Short Form of Report, Table No. 2, is recommended for commercial tests and 
as a convenient form of abridging the longer form for publication when saving 
of space is desirable.f For elaborate trials, it is recommended that the full 
log of the trial be shown graphically, by means of a chart. 


TABLE NO. I. 

Data and Results of Evaporative Test. 

Arranged in accordance with the Complete Form advised by the Boiler Test 
Committee of the American Society of Mechanical Engineers. Code of 1899. 

Made by.of. , ... boiler at.to 

determine. . . 


Principal conditions governing the trial 


Kind of fuel. . . 

Kind of furnace . . . . . 

State of the weather , .... .. ... 

Method of starting and stopping the test (^‘standard’’ or alternate,^’ 
Art. X and XI, Code, and note, p* 713). . 

1. Date of trial . 

2. Duration of trial . ... hours. 


Dimensions and Proportions, 

A complete description of the boiler, and drawings of the same if of unusual 
type, should be given on an annexed sheet. 

3* Grate surface . width .. length . area . sq.ft. 

4. Height of furnace. . ins. 

5. Approximate width of air spaces in grate . in. 

6. Proportion of air space to whole grate surface .. per cent. 

* The items printed in italics correspond to the items in the “ Short Form of Code/* 
t See Forms for recording the observations, pages 708 and 709, 
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7. Water-heating surface . sq. ft. 

, 8. Superheating surface . “ 

0- Ratio of water-heating surface to grate surface . — to i. 

to. Ratio of minimum draft area to grate surface. ito — 

Average Pressures. 

11. Steam pressure by gauge . lbs. per sq. in. 

12. Farce of draft between damper and boiler . .. ins. of water. 

13. Force of draft in furnace. “ 

14. Force of draft or blast in ashpit. “ 

Average Temperatures. 

15. Of external air . ,. ... . . . deg, 

16. Of fireroom. . 

17. Of steam. . 

18. Of feed water entering heater . ... . 

IQ. Of feed whaler entering economizer . . 

20. Of feed water entering boiler, . ^ 

21. Of escaping gases from boiler .. 

22. Of escaping gases from economizer. . 

Fuel. 

23. Size and condition. 

24. Weight of W’ood used in lighting fire. lbs. 

25. Weight of coal as fired* . . . 

26. Percentage of moisture in coal \ . percent. 

27. Total weight of dry coal consumed . . . , lbs. 

28. Total ash and refuse ... . . . . 

2Q. Quality of ash and refuse. 

30. Total combustible consumed .. . lbs. 

31. Percentage of ash and refuse in dry coal . per cent. 

* Including equivalent of wood used in lighting the fire, not including unburnt coal 
withdrawn from furnace at times of cleaning and at end of test. One pound of wood 
is taken to be equal to 0.4 pound of coal, or, in case greater accuracy is desired, as 
having a heat value equivalent to the evafxiration of 6 pounds of wuter from and at 
212 degrees per pound. (6 X 07<>-4 “ 5822 B.t.u.) The term as firedmeans in 
its actual condition, including moisture. 

t This is the total moisture in the coal as found by drying it artificially, as described 
in Art. XV of Code, (Note, p. 717.) 


















Ultimaic Analysis of Dry Coal. 

(Art. XVII, Code.) 

0£ Coal. Of Combustible 

37. Carbon (C)... percent, percent. 

38. Hydrogen (H). “ 

3Q. Oxygen ( 0 ). 

40. Nitrogen (N). “ 

4t. Sulphur (Sj. 

42. Ash. . ** -- 

100 per cent. 100 per cent. 


43. Moisture in sample of coal as received . per cent. per cent 

Analysis of Ash and Refuse. 

44. Carbon. per cent. 

45. Earthy matter. 

Fuel per Hour. 

46. Dry coal consumed- per hour . ... lbs, 

47. Combustible consumed per hour. ‘‘ 

48. />v coal per square foot of f^rate surface per hour . ‘‘ 


4Q. Combustible per square foot of water-heating surface per hour “ 

Calorific Value of Fuel. 

(Art. XVIl, Code.) 

50. Calorific value by oxygen calorhncter, per lb. of dry coal .. B.t.u. 

51. Calorific value by oxygen calorimetery per lb. of combustible ... 

52. Calorific value by analysis, per lb. of dry coal *. “ 

53. Calorihc value by analysis, per lb. of combustible. 

Quality of Steam 


54. Percentage of moisture in steam . per cent. 

55. Number of degrees of superheating . deg. 


56. Quality of steam (dry steam ~ unity). 

* See formula for calorific value under Article XVII of Code, and note, p. 71Q. 
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Water, 

57. Total weight of water fed to boiler* . lbs. 

58. Equivalent water fed to boiler from and at 212 degrees.... 

59. Water actually evaporated^ corrected far quality of steam . 

60. Factor of evaporation f. 

61. Equivalent water evaporated into dry steam from and at lbs. 

212 degrees.} (Item 59 X Item 60.)... “ 


Water per Hour, 

62. Water evaporcUed per hour^ corrected for quality of steam . 

63. Equivalent evaporation per hour from and at 212 degrees t • *. 

64. Equivalent evaporation per hour from and at 212 degrees per 

square fool of water-heating surface } . 

Horse Power. 

65. Horse power developed. (34^ lbs. of water evaporated per hour 

into dry .steam from and at 212 degrees^ equals one horse 


power.)i . . H.P, 

66. Builders^ rated horse power . . 

67. Percentage of builders' rated horse power developed . per cent. 


Economic Results. 

68. Water apparently evaporated under actual conditions per pound 

of coal as fired. {Item 57 Item 25.). ... . . lbs. 

69. Equivalent evaporation from aftd al 2J 2 degrees per poufid of 

coal as fired.t {Hem 61 -J- Item 25.). “ 

70. Equivalent evaporation from atid at 212 degrees per pound of 

dry coaLX {Item 61 ^ Item 27.). “ 

71. Equivalent evaporation from and at 212 degrees per pound of 

combustible.t {Item 61 Item 30.) .... ... 

(If the equivalent evaporation, Items 69, 70, and 71, is not 
corrected for the quality of steam, the fact should be 
stated.) 

* Corrected for inequality of water level and of steam pressure at beginning and 
end of test. 

t Factor of evaporation ^ in which H and h are respectively the total 

heat in steam of the average observed pressure, and in water of the average observed 
temperature of the feed. (See note, p. 722. for a discussion of Items 60 and Oi.) 

} The symbol U.E.,” meaning “ Units of Evaporation/* may be conveniently sub¬ 
stituted for the expression ‘^Equivalent water evaporated into dry steam from and 
at 212 degrees/* its definition being given in a footnote, 

§ Held to be the equivalent of 30 pounds of water per hour evaporated from 
100^* F. into dry steam at 70 pounds gauge pressure. 
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Efficiency, 

(Art. XXI, Code, and note, p. 719.) 

72. Efficiency of the boiler; heat absorbed by the boiler per pound 

of combustible divided by the heat value of one pound of com¬ 
bustible * . per cent. 

73. Efficiency of boilerj including the graie; heat absorbed by the 

boUer, per pound of dry coaly divided by the heat value of one 
pound of dry coal . . ... “ 


Cost of Evaporation. 

74. Cost of coal per ton of - pounds delivered in boiler-room.. $ 

75. Cost of fuel for evaporating looo lbs. of water under observed 

conditions. . $ 

76. Cost of fuel for evaporating 1000 lbs, of water from and at 212 

degrees ..... $ 

Smoke Observations, 

77. Percentage of smoke as observed. per cent. 

78. Weight of soot per hour obtained from smoke meter . . . ounces. 

79. Volume of soot per hour obtained from smoke meter. cub. in. 


Methods of Firing, 

80. Kind of firing (spreading, alternate, or coking) . 

81. Average thickness of fire . 

82. Average interv'als between firings for each furnace during 

lime when fires are in normal condition. 

83. Average interval between times of levelling or breaking up. 

Amilyses of the Dry Gases. 

84. Carbon dioxide (CO2). per cent. 

85. Oxygen (O). 

86. Carbon monoxide (CO)..... “ 

87. Hydrogen and hydrocarbons. 

88. Nitrogen (by difference) (N)... __ 

100 per cent. 

* In all cases where the word combustible is used, it means the coal without mois' 
ture and ash, but including all other constituents. It is the same as what is called 
in Europe “ coal dry and free from ash.’* 
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TABLE NO. 2. 

Data and Results of Evaporative Test. 

Arranged in accordance with the Short Form advised by the Boiler Test Com¬ 
mittee of the American Society of Mechanical Engineers. Code of 1899. 

Made by.on.boiler, at.to 

determine. 

Kind of fuel. 

Kind of furnace. 

Method of starting and stopping the test ('‘standardor "alternate/' 
Art X and XI, Code).. 

Grate surface. sq. ft. 

Water-healing surface. " 

Superheating surface. 

Toial Quantities. 

1. Date of trial . 

2. Duration of trial .... . hours. 

3. Weight of coal as fired * . lbs. 

4. Percentage of moisture in coal *. . . per cent 

5. Total weight of dry coal consumed. lbs. 

6. Total ash and refuse. . . . . " 

7. Percentage of ash and refuse in dry coal. per cent 

8. Total weight of water fed to the boiler *. lbs. 

9. Water actually evai>orated, corrected for moisture or super¬ 

heat in steam. . . " 

10. Equivalent water evaporated into dry steam from and at 212 

degrees*. " 

Hourly Quantities. 

11. Dry coal consumed per hour. lbs. 

12. Dry coal per square foot of grate surface per hour . " 

13. Water evaporated per hour corrected for quality of steam . " 

14. Equivalent evaporation per hour from and at 212 degrees *. " 

1$. Equivalent evaporation per hour from and at 212 degrees 

per square foot of water-heating surface *. 


* See footnotes of Complete Form. 
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Average Pressuresj Temperaturesj etc. 


16. Steam pressure by gauge.lbs. per sq. in, 

17. Temperature of feed water entering boiler . deg. 

18. Temperature of escaping gases from boiler. “ 

ig. Force of draft between damper and boiler.ins. of water. 

20. Percentage of moisture in steam, or number of degrees of 

superheating.per cent or deg. 

Horse Power, 

21. Horse power developed. (Item 14 -h 34^.) *. H.P. 

22. Builders’ rated horse power . . . 

23. Percentage of builders’ rated horse jxjwer developed . . .. per cent. 


Economic Results. 

24. Water apparently evaporated under actual conditions per 

pound of coal as fired. (Item 8 Item 3.).. . lbs. 

2$. Equivalent evaporation from and at 212 degrees per pound 

of coal as fired.* (Item 10 -v Item 3.), . . “ 

26. Equivalent evaporation from and at 212 degrees per pound 

of dry coal.* (Item 10 *f Item 5.). “ 

27. Equivalent evaporation from and at 212 degrees per pound 

of combustible.* [Item 10 4- (Item 5 — Item 6.)]. , . 

(If Items 25, 26, and 27 are not corrected for quality of 
steam, the fact should be stated ) 


Efficiency, 

28. Calorific value of the dry coal per pound. B.t.u. 

29. Calorific value of the combustible per pound. 

30. Efficiency of boiler (based on combustible) *. per cent. 


31. Efficiency of boiler, including grate (based on dry coal)., . 


Cost of Evaporation. 

32. Cost of coal per ton of-lbs. delivered in boiler-room . $ 

33. Cost of coal required for evaporating 1000 pounds of water 

from and at 212 degrees. $ 


See footnotes of Complete Forms. 
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360. Notes on the Rules. — Rule L Appendix II states the 
possible objects of the test at greater length, and is quoted in full. 

In preparing for and conducting trials of steam boilers, the special object 
of the proposed trial should be clearly defined and steadily kept in view. 

1. If it be to determine the efficiency of a given style of boiler or of boiler 
setting under normal conditions, the boiler, brickwork, grates, dampers, flues, 
pipes, in short, the whole apparatus, should be carefully examined and accurately 
described, and any variation from a normal condition should be remedied if 
possible, and if irremediable, clearly described and pointed out. 

2. If it be to ascertain the condition of a given boiler or set of boilers with a 
view to the improvement of whatever may be faulty, the conditions actually 
existing should be accurately observed and clearly described. 

3. If the object be to determine the relative value of two or more kinds of 
coal, or the actual value of any kind, exact equality of conditions should be 
maintained if possible, or, where that is not practicable, all variations should be 
duly allowed for. 

4. Only one variable should be allowed to enter into the problem; or, since 
the entire exclusion of disturbing variations cannot usually be effected, they 
should be kept as closely as possible within narrow limits, and allowed for with 
all possible accuracy. 

Rule IL Appendix X specifies in detail the dimensions and data 
that should be taken and is quoted in full. 

The report should include a complete description of the boiler, which, for 
special boilers, should be written out at length, but generally can convxmientJy 
be presented in tabular form substantially as follows: 

Type of boiler. 

Diameter of shell. 

Length of shell. 

Number of tubes. 

Diameter of tubes. 

Length of tubes. 

Diameter of steam drum. 

Width of furnace. 

Length of furnace. 

Kind of grate bars. 

Width of air spaces (in grate bars). 

Ratio of area of grate to area of air spaces. 

Area of chimney. 

Height of chimney. 

Length of flues connecting to chimney. 
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Area of flues connecting to chimney. 

Grate surface. 

fWater 

Heating surface Steam 
(.Total 

Area of draft through or between tubes. 

Ratio grate to heating surface. 

Ratio draft area to grate. 

Ratio draft area to total heating surface. 

Water space. 

Steam space. 

Ratio grate to water space. 

Ratio grate to steam space. 

Rule IV. It is an ca.sy matter to test, with the same kind of 
coal, different boilers which arc to be compared in regard to efficiency 
or capacity. All that would appear to be necessary to specify the 
coal is that it should be a good grade of its kind. To attempt to 
say what is “ commercially standard” coal might lead to difficulties. 

In most practical cases a buyer of boilers would naturally desire 
to use the coal most common in his neighborhood, that being the 
kind which he can obtain at least cost, and will certainly call for 
guarantees of efficiency or capacity based upon this coal. This 
fact at once di.sposes of the matter of choice of coal. In order to 
prevent misunderstandings and po.ssible litigation, the kind of 
coal should be specified, and if possible the proximate analysis, 
including the heat value of the coal, should be distinctly specified 
in every boiler guarantee. 

Rule F. - For details concerning measurement of water and 
calibration of apparatus, see Chapters VI, VII, and XII. 

Rule VII. The provision requiring the disconnecting or blank 
flanging of all water connections and blow-off pipes, except the pipe 
through which the boiler receives its feed water, should be followed 
to the letter whenever possible. There are now and then cases 
in practice, however, where, under the circumstances existing, this 
is not possible. There are also cases in which it is desired to test 
a boiler plant in the then existing conditions and where the deter¬ 
mination of the losses through leaky blow-off cocks, leaky tubes, etc., 
is a part of the test. In such cases the amount of such loss can be 
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detennined by making what is called a “ leakage test ” at the end 
of the main test. 

To make this test, proceed as follows; Previous to the test, 
fasten behind each gauge glass a scale which can be read to at 
least .05 inch. Just after the main test is completed, close all 
of the outlets from the boiler or battery through feed water and 
steam connections, and have the pressure maintained constant at 
the working pressure by proper manipulation of the drafts. Ob¬ 
serve the water level for at least an hour, taking the readings 
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Fig. 489.—Determination ok Boiler Leakage. 


at first, say every minute and later on every two or three minutes, 
depending upon how rapidly the water level sinks. Plot a curve 
between scale reading and time. This will usually be of the form 
shown in Fig. 489, the rapid drop from a to 6 being in part due to the 
natural shrinking of the volume of water as active ebullition ceases. 
The more nearly straight part be represents true leakage. The 
leakage in the time represented by b'c will then be equal to hb' 
mches. Or cb' may be prolonged back to a', in which case a'a" 
represents the inches of leakage per hour. What this amounts to 
in pounds depends upon the size of the steam drum and upon the 
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location of the gauge glass with reference to the center line of the 
drum, In computing the leakage in pounds, the temperature 
correction should not be forgotten, since the volume of water 
leaking out is at the temperature corresponding to the steam 
pressure. 

In guarantee tests the leakage correction should not amount to 
more than one or two per cent of the total water evaporated. If 
it does, one should either be absolutely certain of this correction, 
or the boiler should be put in proper shape and retested. 

Rules IX, X, and XL The “ standard ” method of starting 
and stopping a test, although defended by some engineers, is 
strongly criticized by the majority, and the “alternate ” method 
is to-day the one most used. Professor Wm. Kent, in Appendix 
XXXVT to the Code, briefly compares the two methods and also 
warns against some possible errors in the use of the alternate 
method, both with regard to the condition of the fire and the in¬ 
fluence of the latter upon the movements of the apparent water 
level. 

Of the two methods of starting and stopping a test, the so-called “ stand¬ 
ard ” method and the “ alternate ” method, the writer prefers the latter, 
believing that the errors in the estimation of the quantity and condition of the 
small amount of coal left on the grate after cleaning are less than the errors of 
the “ standard ” method, which are due first, to cooling of the boiler at the 
beginning and end of the test; second, to the imperfect combustion of the fuel 
at the beginning; and third, to excessive air supply through the thin fire while 
burning down before the end of the test. 

A special caution is needed against a modification of the “ alternate ” 
method, which has been adopted by some testing engineers within the past few 
years. It comists in taking the starting and the stopping times each at a time 
subsequent to the cleaning, say after 400 pounds of coal has been fired since 
the cleaning. There are two sources of serious error in this method, one causing 
an incorrect measurement of the coal, the other an incorrect measurement of 
the water. Suppose 200 pounds of hot coke are left on the gn"ate at the end of 
cleaning and 400 pounds of fresh coal arc added by the end of, say, half an hour 
after cleaning. If the coal left at the end of the cleaning, and the boiler walls 
also, are very hot, and the coal is highly volatile and dry, and the pieces of 
such size as not to choke the air supply, the fire may burn so briskly that at 
the end of the half hour the fuel value of the partly burned coal left out of the 
total 600 pounds is equivalent only to 200 pounds of coal. If, on the contrary, 
the hot coke on the grates at the end of the cleaning, and the boiler walls, are 
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considerably cooled, if the fresb coal fired is moist and of small size, sucb as 
the slack of run-of-mine bituminous coal, which is often found in one portion of a 
pile in greater quantity than in another, the fire during the half hour may burn so 
sluggishly that the coal and coke on the grate at the end of the half hour may 
have a fuel value equal to 400 pounds of coal If, in this case, it is assumed that 
the quantity and condition of the coal at the end of the half hour after cleaning 
are the same at the starting and stopping time, and if the fire burned briskly 
during the half hour before starting and slowly during the half hour before 
stopping, the boiler will be charged with more coal than was actually burned. 
If, on the contrary, the coal burns away more slowly during the half hour after 
the cleaning before the starting time and more rapidly during the half hour 
before the end of the test, the boiler is not charged with as much coal as was 
actually burned. 

The error in water measurement is due to the fact that the condition of the 
fire, and especially the quantity of flaming gases arising from influences the 
height of the water level, A bright, hot fire, or a fire with an abundance of 
burning gas proceeding from it, causes the water level to rise; while anything 
that cools the furnace, such as freshly fired coal, an open fire door, or a check 
to the draft, causes the water level to fall. A rise or a fall of several inches in 
a few seconds frequently occurs when bituminous coal is used. If the water 
level is noted at the starling of the test, when it is raised by a bright fire, and 
at the end of the test, when it is depressed by the stoppage of violent ebullition 
or of rapid circulation, due to the cooling of the fire, tlie boiler will be credited 
with more water than was really evaporated, and viu versa. 

The only correct times to be noted as the starting and the stopping times 
are when the smallest amount of fuel is on the grate and when it is in the most 
burned-out condition; that is, just before firing fresh coal after cleaning, and 
when the water level is in its most quiet condition and the least raised by ebulli¬ 
tion; that is, after the furnace door has been kept open for some time for clean¬ 
ing and the furnace therefore is in its coolest slate. This condition of fire and 
of water level am be duplicated immediately after cleaning the fire; but there 
is no certainty of duplication of any condition when there is a bright fire and 
consequent rapid steaming. 

Ride XIIL In keeping the record and in presenting the 
results, it is sometimes of benefit to construct what is known as 
a log chart. Such a chart shows at a glance the conditions that 
obtained for the entire period of the test. An example of such a 
log is shown in Fig. 490, which is a reproduction of the one given by 
Mr. G. H. Barrus, in Appendix XXXVIII of the Code. 

Concerning the methods of tallying, the number of assistants 
required, etc., Appendix IV, written by Mr. C. E. Emery, gives 
some valuable points, 
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It should be steadily kept in mind that the principal observations to be made 
are the quantities of coal consumed and of water evaporated. If these quanti* 
ties are ascertained accurately, and the conditions made the same at the 
beginning and end of test, the most important requisites of a boiler trial will be 
secured. Other observations have their value both for scientific and practical 
pur{)oses, but are in most cases subsidiary. 

Boiler tests are often undertaken with insufficient apparatus and assistance 
It is possible for a single person to test one boiler, or even several in a battery, 
but it requires a great deal of labor to do so, and in many cases such persons 
would be so fatigued as to be liable to make a simple error vitiating the results- 
He would, moreover, at no time be able to give proper oversight to the test 
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so as to prevent aci idcntal or unauthorized interferences It is very desirable, 
in fact almost indispensable, that an assistant be detailed to weigh the coal, 
and another to weigh or measure the water; if calorimeter tests are to be under¬ 
taken, still another assistant should be provided The engineer in charge is 
then left free to oversee the work of all, and relieve either tenifKirarily when 
necessary. Engineers are frequently called upon to make boiler trials in 
connection with parties whose interests arc antagonistic to a fair test, and 
frequently the voluntary assistance of busybodics is likely to produce errors 
in the results. It is therefore essential to have trustworthy assistants, and 
those of sufficient caliber not to be confused by interested parties, who will 
frequently endeavor in the most plausible manner to make out that a certain 
measure of coal has already been tallied, or that a certain tank of water has 
not been tallied. 

In the first engine trials at ttie American Institute Exhibition (1869), in the 
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Centeunial trials (1876), and since in private trials respecting performance of 
boilers as between the contractor and purchaser, the writer has arranged for 
both interests to take the data at the same moment, with instructions, if 
agreement could not be had, that the difference be at once referred to him. 

In weighing the coal, the barrow or vessel used should be balanced on a 
scale and then filled to a certain definite weight. The laborer will soon learn 
to fill a vessel to the same weight within a few pounds by counting the number 
of shovels thrown in, when the change of a lump or two to or from a small box 
alongside the scale will balance it. 

[Mr. Emery next discusses methods of measuring water.] 

A simple tally should never be trusted. Nothing seems more reliable to an 
inexperienced observer than to mark 1, 2, 3, 4 with a diagonal cross mark 
for 5; but when there are waits of several minutes between the marks, and 
several operations performed after the tally is made, there will be confusion 
in the mind whether or not the tally has actually been made. The tallies both 
of weights of coal and of tanks of water should be written on separate lines, the 
time noted opposite each, and the records always made at the beginning or 
termination of some particular operation; for instance, in weighing coal only 
at the time when barrel or bucket is dumped on the fire-room floor. It is 
desirable to have a number of coincident records of coal and water throughout 
the trial, so that in case of accident it may be held to have ended at one of such 
times. The uniformity of the operations may also be tested in this way from 
time to time. For this reason it will be found convenient to lire from a wheel¬ 
barrow set on a scale and to have a float or water-gauge connected with the 
tank from which the water is pumped; by which means the coal and water used 
may, in an evident way, l>e ascertained for any desired interval. 

Rules IX, X, XI, XII, and XIIL If uniformity of operation 
of the boiler and furnace is secured, as it should be (Rule XII), it 
is obvious that the curves of ‘‘ total water and ‘‘ total coal ’’ 
against time (curves marked ‘'water^' and '‘coaF^ in Fig. 490) will 
be straight lines. The slopes of these lines are the rates of evapora¬ 
tion of water and supply of fuel. The real object of a boiler test 
is to obtain the ratio of these rates. It is evident that these rates 
may be obtained without regard to the end conditions of the tests. 
It appears then that there is a third method of starting and 
stopping a boiler test, a method more scientific and more accurate 
than either the standard”’ or the alternate” methods. 

This third method requires merely that the boiler be brought 
to, and kept at, uniform operation for the length of time over which 
the test is to continue. During this time observations should be 
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made of the amounts of water and coal supplied during every ten 
or fifteen minute interval, and of the amount of refuse coming 
through the grates every half hour. The curves of “ total water,” 
” total coal,” and “ total refuse ” against time are then to be 
plotted. The rates are to be found from the slopes of these curves, 
using those portions which are straight lines, and leaving out the 
curved end portions where the boiler was heating up or cooling off. 
In working up the test the other observations, as steam pressure, 
quality, feed temperature, flue temperature, etc., are to be averaged 
and used only for that period of time within which the coal, water, 
and refuse curves are straight lines. The ” end conditions ” need 
not be considered; their effects are eliminated by the determination 
of rates. 

Rule XIV. For a discussion of the methods of determining 
moisture in steam, see Chapter XIV. 

The specific heat of superheated steam has now been determined 
with sufficient accuracy to allow of satisfactory determination of 
the total heat of superheated steam, see Chapter XI. It is advo¬ 
cated in the Code and in Appendix XIX to determine the range 
of superheat by finding the normal or saturation temperature of 
the steam by a special experiment, taking a reading of the thermom¬ 
eter when the fires are dull and superheat has disappeared. This 
method certainly has the advantage of doing away with the cali¬ 
bration of the thermometer with its attendant difficulty of dupli¬ 
cating the conditions of immersion of bulb and stem, surrounding 
air temperature, etc. The average steam pressure, however, must 
be exactly duplicated and maintained during the experiment, which 
may not be an easy matter. With the error of the steam gauges 
known, direct reference to the steam table for the saturation tem¬ 
perature is now probably of sufficient accuracy. 

Rule XV. Of the two methods given for the determination of 
moisture in coal, the first must be held distinctly unreliable and 
in most cases useless. In the first place, an approximate deter¬ 
mination is not what is wanted. In the second place, considering 
the sources of error involved and the usual lack of facilities in 
boiler houses for making close weighings, grave doubt mXist usually 
exist concerning the degree of approximation. 
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Regarding the second method of determination, see Chapter XIII. 

Rule XVI. It is perhaps not superfluous to point out that 
the correct determination of the “ ash ” (total ash and refuse in 
the tables below) made during the test is not so simple a matter as 
it would appear at first sight, especially if the alternate method of 
starting and stopiiing is used. The entire matter of course rests 
on the correct estimation of the condition of the fire at beginning 
and end of test, and this in turn is largely a matter of experience. 
The accurate determination of the ash weight is of particular 
importance where the efficiency of the furnace, which may be of 
special type, is at issue, or where a heat balance as nearly correct 
as possible must be established. 

The coal analysis of course shows the absolute minimum of ash 
that can be obtained on a test. But since no grate is perfect, there 
should, in most cases, be more “ ash” than the analysis shows, due 
to unhurned carbon dropping through. It may, however, happen 
that the coal is of such a nature that, under the draft conditions 
existing, a part of it or of its ash may be carried along with the 
gases for some distance and deposited in the jjasses or in the com¬ 
bustion chamber. If this action is suspected, provision should be 
made for detennining the weight and composition of material so 
carried over. 

In establishing the heat balance it becomes necessary to deter¬ 
mine the combustible still remaining in the ash. The best way of 
doing this is by analysis. The scheme sometimes used of sub¬ 
tracting the percentage of true ash shown by the coal on analysis 
from the percentage of ash and refuse in the tests and calling the 
difference the carbon lost in “ ash,” may or may not be correct, 
depending uj)on how accurately the “ ash ” was determined on the 
test. Pro-vided the latter is correct, the results of the two methods 
for carbon in “ ash” should be the same, and in that sense the 
carbon in “ash” as found from the analysis may be used as an 
indication of the degree of accuracy of the “ash” determination 
on test. 

Assuming that the combustible part of the refuse is carbon, 
there are Iwo ways of determining this combustible. Either a 
chemical determination of the carbon is made by one of the usual 
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methods, or the carbon may be burned out in the calorimeter, when 
the heat developed divided by the heating value of carbon should 
give the amount of carbon the sample contained. It may be 
difficult to keep the sample burning in the calorimeter, even in an 
atmosphere of oxygen, in which case the expedient of mixing the 
ash with a certain proportion of some known combustible may be 
used. 

Ride XVII. The applicability of Du Long’s or any similar 
fonnula to all grades of coal without an}’’ differentiation is a dis¬ 
puted question. It .seems certain, however, that the method of 
computing heating values from analyses should be used only with 
great caution in the case of bituminous or semi-bituminous coals. 
See Chapter XIII for more detailed discussion of this matter, and 
of the making of coal analyses in general. 

Rule XX. Condensation of the steam is not in this cast' an 
accurate method of obtaining the total heat imparted to the water. 

Rules XXI, XXII, and the Tables. The subject matter of 
these rules is closely connected with the intequetation of the 
meaning of some of the items in the tables. It will therefore be 
best to consider them together. 

The value 965.7 B.t.u. given in the Code (Rule XXI) for the 
heat of vaporization per pound of water from and at 212° F., has 
been changed to 970.4 B.t.u. by recent accurate re.searchcs, and 
this is the figure that should be em{)loyed. 

The formula for “ Efficiency of Boiler and Grate ’’ in the same 
rule does not state whether coal as fired or dry coal is used as the 
basis of the computation. It is however .shown, by Item 73 of 
Table No. 1, and Item 31 of Table No. 2, that the computation 
is to be based on dry coal. 

Appendix XX of the Code states; 

“ When the object of a boiler test is to determine its efficiency as an ab¬ 
sorber of heat, or to compare it with other boilers, the efficiency based on com¬ 
bustible is the one which should be used; but when the object of the test is to 
determine the efficiency of the combination of the boiler, the furnace, and the 
grate, the efficiency based on coal must necessarily be used.” 

Every engineer will in general agree with the distinction made in 
this statement, but some disagreement of opinion exists whether 
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dry coal or coal as fired should be used as the basis of computation 
for boiler and grate efficiency. If it is desired by this efficiency 
to characterize the performance of the boiler as a whole imder the 
conditions of operation, it is certainly hard to see why dry coal 
should be used as a basis, since the coal is in general not dry and 
the assumption does not therefore conform to actual conditions, 
and, further, it is easily conceivable that the performance of the 
boiler and grate might have been quite different had dry coal been 
actually used. The efficiency based on combustible may serve as 
a basis of comparison for different boilers, but the efficienc)'^ of 
boiler and grate, the real efficiency of the apparatus, applies only 
to the particular boiler for which the computation is made, and 
there would therefore seem to be little reason for making an arbi¬ 
trary assumption concerning any test condition. 

The method of computing the boiler efficiency is not clearly 
enough defined. As the formula given is ordinarily applied, the 
term “ combustible ” does not represent quite the same basis above 
and below the line. The heat absorbed per pound of combustible 
would most certainly be computed from the equivalent evaporation 
per pound of combustible by multiplying the latter by 970.4 B.t.u. 
(Item 71 of Table No. 1.) But the “ combustible ” used in the 
derivation of Item 71 (Item 30) is computed from (coal as fired 

— refuse — moisture). The heating value of the combustible, on 
the other hand, is usually determined from calorimeter observations, 
taking “combustible ” equal to (coal as burned— calorimeter ash 

— moisture). The difference lies in the fact that “refuse” and 
“calorimeter ash” are not the same, if fuel is lost through the 
grate, as it usually is to some extent. The heating value of each 
pound of lombustible as determined under Item 30 is likely to 
be somewhat less than that given to the combustible on the basis 
of calorimeter computations, on account of the carbon lost, and 
the boiler efficiency is therefore generally stated too small, although 
the difference may not be great in most cases. The footnote to 
Item 72, defining combustible, is misleading if strictly interpreted 
as to “ash,” because the equivalent evaporation per pormd of 
combustible is not computed that way. 

In some reports of tests, a third efficiency, that of the furnace. 



THE TESTING OF STEAM BOILERS 


721 


is separately computed. Unless some attempt is made to deter¬ 
mine the distribution of the radiation losses between furnace and 
boiler proper, the furnace efficiency may be expressed as the ratio 
of boiler and grate efficiency to boiler efficiency. 

The Code itself calls the Heat Balance given in Rule XXII 
“ approximate,” and this is certainly true concerning several of the 
items, notably Item 4. The heat balance given is based upon 
combustible, but it is much more common to base it upon the coal 
as fired, because the method gives a much clearer insight into 
what becomes of the heat in the coal supplied to the boiler. Further, 
such a heat balance is more rational in that it considers the boiler 
as a whole and thus analyzes the performance not only of the steam 
generator itself but also of the furnace, which is naturally what is 
desired in most cases. 

A complete heat balance should state the following items: 

1. Heat loss through incomplete combustion. 

(а) Loss of fuel through grate and over bridge wall. 

(б) Loss of combustible in chimney gases. 

2. Loss in sensible heat in the flue gas, except that due to 
moisture. 

3. Heat loss due to moisture in the flue gas. 

(a) Moisture in coal as fired. 

(b) Moisture formed from combustion of hydrogen in fuel. 

(c) Moisture as humidity in air used. 

4. Heat losses due to radiation and other losses imaccounted for. 

5. Heat absorbed in steam. 

For a complete discussion of the method of computing the heat 
quantities for Items i to 3 inclusive, see pp. 531 to 538, Chapter 
XIII. Item 4 is obtained by the difference between the heating 
value of the fuel as fired and the sum of the rest of the items. 
Item s must be accurately computed, and is in all cases equal to 
(ar + 9 — 9 of feed) B.t.u. times the number of pounds of water 
evaporated per pound of fuel as fired. 

The items of Table No. i are in most cases self-explanatory in the 
light of the provisions of the Code. But certam of them call for 
explanation or comment. 
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Items 30, 51, and 53. It has already been pointed out that the 
“combustible" under 30 is somewhat different in its nature from 
that determined in either the proximate or chemical analyses, on 
account of the loss of fuel in refuse, and that the heating values 
given under 51 and 53 do not therefore strictly apply to the 
combustible as determined under 30. 

Item 59 is obtained from 57 by multiplying the latter by the 
quality of steam (Item 54). This therefore represents the actual 
weight of dry and saturated steam generated. 

Item 60. The fonnula given for the “ Factor of Evaporation ’’ 
is not thermally exact, irrespective of the fact that the denominator 
should be 970.4. 

The form given is 


H-k 

970.4 ’ 


(I) 


in which //(= X) is the total heat above 32 degrees in dry and 
saturated steam at the observed pressure, and h = the heat in the 
feed water above 32 degrees = / — 32, where t is the feed-water 
temperature. 

This form neglects the heat carried away from the boiler in 
the moisture in steam and gives the boiler credit only for the heat 
that can actually be accounted for in the dry and saturated steam. 
This method of computation may be satisfactory if the boiler is 
considered merely as an instrument for generating dry and saturated 
steam, but considered as an apparatus transferring heat, the basis 
of comi)utation is not correct. The thermally correct method would 
lead to a different result for the “ Equivalent Evaporation from 
and at 212°.’’ It is not contended that the method of computation 
used in the Code is not satisfactory, considering the boiler merely 
from the standpoint of its ability to generate dry steam, but it 
should be made clear that the method does not accoimt for all the 
heat absorbed by the boiler shell. 

The true factor of evaporation is 


E = 


xr + q- t-\-%2 
970.4 


ai) 
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where the numerator expresses the heat above feed-water tempera¬ 
ture in a pound of steam as actually made. 970.4 is the expendi¬ 
ture of heat that would have been necessary to generate one pound 
of dry steam if the feed-water temperature had been 212 degrees 
and the temperature of the steam made finally also 212 degrees 
(hence the term “from and at 212 degrees”). Hence the factor 
expresses the number of pounds of steam that could have been made 
from and at 212 degrees with the exj^enditure of heat applied to a 
pound of the boiler steam as actually made. It will be seen that 
the use of such a factor established a common basis (a heat unit of 
large size) for all evaporative tests and that we are therefore able 
directly to compare coals as to their evaporative qualities. 

Item 61. It was pointed out above that a dilTerent result may 
be obtained for this item, depending upon which factor of evapora¬ 
tion is employed. To show the difference between the two methods 
on a heat basis, let 

W = weight of water apparently evaporated (Item 57). 

X = quality of steam (Item 54). 

El - factor of evaporation, fonn I, given in Code. 

Ez = factor of evaporation, form II above. 

Then, as per Code, 

Equivalent Evaporation = IE X £1 = IE X -— —— ■ 

970.4 

The thermally exact method would give 


hiquivaleut Evaporation = H 



1 - I + 32 

970.4 


The difference in the results is perh.aj)s best illustrated by an 
average example. For an absolute steam pressure of 150 pounds, a 
feed-water temperature of 70 degrees and a quality of steam equal 
to 98 per cent, the second formula gives a result | per cent higher 
than the first, and consequently all of the” Economic Results” 
and the “ Efficiencies ” of the table will be higher by the same 
amount. For greater moisture in the steam the difference will be 
greater; thus if * = .94, with the same steam pressure and feed- 
water temperature, the difference is 1,6 per cent. For dr>' and 
saturated steam the formulas of course give identical results. 
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For superheated steam the second form of the equation for factor 
of evaporation will read, 



970,4 


in which T% — temperature of the superheated steam 

Ti = temperature of the saturated steam at the same 
pressure, and 

Cp = mean specific heat in the range from Ti ioTs- 



CHAPTER XVm. 


THE TESTING OF STEAM ENGINES, PUMPING ENGINES, AND 

LOCOMOTIVES. 

The American Society of Mechanical Engineers has established 
and adopted codes for the testing of steam engines, pumping en¬ 
gines, and locomotives. J'or the full wording of these codes the 
reader is referred to the Transactions of the Society.* 

These codes in general not only discuss the objects of the various 
tests, and the methods of making the tests, but also go into the 
matter of instruments to be used, their choice, application, calibra¬ 
tion, etc., besides giving methods of computing and presenting 
the results. In many instances these things have been thoroughly 
covered, sometimes at greater length, in previous chapters of this 
book, and to repeat these parts of the code text would therefore 
lead to unnecessary repetition. Wherever possible such parts 
have therefore been omitted and proper page references to other 
parts of the book are given. Additional comment upon some of 
the provisions is given in footnotes. 

361. The Testing of Steam Engines. General Considerations 
and Definitions. - The Code concerns itself very largely mth direc¬ 
tions for complete plant tests. The testing of an engine alone is a 
comparatively simple matter. The test may be made to determine; 

(0) Economy. 

(b) Capacity. 

(c) Mechanical Efficiency. 

(d) Regulation. 

* Final Report of the Committee appointed to Standardize a System of Testing 
Steam Engines, Vol. XXIV, 1903. 

Retx)rt of Committee on a Standard Method of Conducting Duty Trials of Pump¬ 
ing Engines, Vol. XI, 1890. 

Report of the Committee on a Standard Method of Conducting Locomotive Tests, 
Vol. XIV, 1893 
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The simple economy test based on I.H.P. requires nothing further 
than the determination of the amount of steam used, the quality 
of the steam, the taking of indicator cards, and the recording of 
the average speed. In such a test it is immaterial by what means 
the engine is loaded, as long as any given load remains constant 
for a sufficient length of time. The steam consumption may be 
determined either from the boiler end or by means of the surface 
condenser, as the Code provides. The latter method is preferred 
because of greater accuracy. 

Economy guarantees are sometimes made for other than the 
rated capacity. Thus many guarantees cover the steam consump¬ 
tion at 2 load, full load, and at some overload, as may be agreed 
upon. In the majority of these cases the guarantees are ba.sed 
upon developed, and not upon indicated, horse ijowcr in order to 
eliminate the mechanical efficiency of the engine. At the same 
time, separate agreements are made concerning the mechanical 
efficiency at the different loads. This kind of test requires means 
for loading the engine, such as brakes, generators, etc. In case 
electric generators are u.scd to produce the load, it becomes lU'ccs- 
sary to correct for the efficiency of these machines in order to deter¬ 
mine the net shaft (developed) horse power, unh'ss the guarantees 
should happen to be based upon electrical horse j>ower at the 
switchboard. 

An economy test for a series of loads, as above clesiribed, is 
really also a test for capacity and for mechanical efficiency. During 
the progress of such a test a curve should be plotted between horse 
power and total steam used j)er hour. It will be found, if the 
work is accurate, that this curve is usually a straight line up to 
heavy overloads on an engine. This line is a graphical expression 
of Willan's law and is known as WUlan's line. It serves as a check 
upon the accuracy of the test results as the test proceeds, and the 
tests may be considered completed if the highest load in a series 
gives a total steam consumption which is markedly off the line of 
the previous results. 

The report on an economy test should include three curves: 
Willan’s line, the relation between load and steam consumption 
per I.H.P. or per D.H.P, per hour (water-rate), and the relation 
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between load and mechanical efficiency. Figure 491 shows a typical 
example of these curves for an automatic engine. 

Regulation tests are usually not a part of the regular economy 
test. It is true that testing an engine under a series of loads will 
usually reveal that there is a certain amount of change in the aver¬ 
age speed from load to load, the engine running a few turns per 
minute faster under low than xmder high loads, but that is no certain 
indication of the regulation. To obtain a reliable test for regulation, 
means should be provided to record the speed continuously. The 
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test is then made by suddenly throwing load on or off. Figure 492 
shows the results obtained on a regulation test of a 12" X 18" X 10" 
tandem compound engine, the load variation being 125 H.P, I’ime 
and revolution records were taken by means of a chronograph. 
The curve .shows that the engine was running at 280.5 K.-P.M. under 
a load of 125 H.P. and at 285.5 R-P,M. at no load. The mean speed 
is 282 R.P.M., the speed variation is 3 R.P.M. The percentage of 

total variation, based on mean speed, is therefore ^ «= 1.06 per 

282 

cent, which corresponds to a regulation of .53 per cent from mean 
speed. The observations made also showed, taking the test when 
the load was thrown off, for instance, that it took 6 revolutions for 
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the engine to settle down to the mean speed, and further, that the 
revolution following that when the load was thrown off was made 
at the rate of 290 R.P.M., the second one following at the rate of 
275.5 R-P-M. This is a total variation of 14.5 R.P.M. at a mean 
speed of 282.7, which amounts to 2.57 per cent above and below 
the mean. 

The speed variation last discussed is largely a function of fly¬ 
wheel weight. In making regulation guarantees, both builder and 
purchaser should thoroughly understand what method of testing 



is to be employed and what method of computation is to be used, 
for it must be quite evident from the above that there is consider¬ 
able chance for disagreement.* It might be said that the usual 
practice is to use the first method of computation, imless otherwise 
specified. 

Concerning Efficiency Standards, the Code defines some of them 
but does not mention all that are sometimes computed by engineers. 
The standards used may be defined as follows: 

(a) Thermal Efficiency. — This is the ratio of the heat equiva¬ 
lent of the work done by the engine in a given time to the heat in 
the steam supplied in the same time to do that work. This eflQdency 

* In general, for direct power work, as for the operation of shops, for instance, the 
speed variation from no load to full load, after the engine has again settled down, 
is the regulation to be looked after, the momentary hunting while the governor is 
adjusting itself feeing of little or no importance For the operation of generators for 
lighting purposes, however, the instantaneous variation is of fully as great importance 
as the regulation between full load and no load and should be coveted by guarantees 
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may be computed on the I.H.P. or B.H.P. basis. In either case 
the heat equivalent in B.t.u. of the work is 2545 times the horse 
power, if the hour is used as the unit of time, and it is equal to 
42.41 times the horse power if the minute is the time unit. The 
heat supplied is in every case equal to the weight of the steam 
supplied the engine in the time unit chosen, multiplied by the total 
heat content above 32 degrees in each pound of that steam. If 
the engine is using jackets, the heat in the jacket steam must be 
added to that in the engine steam. Whether the heat in the steam 
used by the engine auxiliaries should also be added depends upon 
contract agreement. Note that no correction is made for the heat 
that the steam contains as it leaves the engine, irrespective of whether 
any use is or is not made of this residual heat in any other part of the 
plant. (See Rule XXI of the Code.) 

{b) Thermodynamic {Carnot) Efficiency. — This is the efficiency 
of the Carnot cycle operating between the same upper and lower 


limits of temperature in the real engine. 


It is expressed by 


2 \ ’ 


where Tv - the upper and T^ the lower temperature limit. (See 
Art. 185, p. 351.) Thus if Ti = (350 + 460) (for 135 lbs. abs. 
steam pressure) and T-i = (213 + 460) (for 15 lbs. absolute steam 
pressure), the thermodynamic efficiency would be 


- (213+460) ^ 

350 + 460 810 

This efficiency has no real significance as far as any”^ real engine 
is concerned, since no real steam engine now operating is based 
upon the Carnot cycle even in theory. It merely shows the maxi¬ 
mum possible efficiency that could be reached between the given 
temperature limits. 

(c) Cylinder Efficiency. — The real steam engine uses a cycle 
which approaches the theoretical Clausius cycle. (Sec Art. 185, 
p. 352.) The performance of an ideal engine using the Clausius 
cycle between the same pressure limits is therefore a more rational 
standard by which to compare real engine performance. (See note 
to Rule XXIV of the Code. The Clausius cycle is there called 
the Rankine cycle.) 
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The cylinder efficiency may then be defined as the ratio between 
the number of heat units that would be required per T.H.P. per 
hour by the ideal engine using the Clausius cycle divided by the 
heat units actually required by the real engine per I.H.P. per hour 
as shown by test. (See the t)q)e example given in connection with 
Rule XXIV of the Code.) 

id) Mechanical Efficiency. — As already defined, this is equal 
to the work delivered at the shaft (B.H.P.) to the work done in 
the cylinder (I.H.P.). 

(e) Plant Efficiency. — This is usually understood to mean the 
over-all efficiency of a plant from the fuel to the useful power de¬ 
veloped. It is equal to the continuous product of the thermal 
efficiencies of the separate parts of the chain of machinery by which 
the energy of the fuel is converted into work. Thus in the case 
of a lighting plant, if the efficiency of the boiler and grate of the 
boiler plant is 70 per cent, the thermal efficiency of the engine on 
the I.H.P. basis is 15 per cent; the mechanical efficiency of the 
engine is 95 per cent, and that of the generator to the switchboard 
is 92 per cent; the plant efficiency will be 

= .70 X .15 X .95 X .92 = 9.15 per cent. 

If in any given plant a part of the waste heat, as, for instance, 
that from the engine, is recovc'red and returned to the boiler, due 
allowance must be made, and the plant efficiency is correspondingly 
increased. 

(/) Performance of a Perfect Engine. — A perfect engine is here 
understood to be one which operates on the Carnot cycle. Its 
efficiency would be that computed as shown under {b) above. If 
we represent the thermodynamic efficiency by e, the heat units 
that would be required by such an engine per I.H.P. hour would 
evidently be 

e T,-Tz 

The greatest possible amount of heat that can be taken out of 


* This figure =» 


X 60 
77S 


If the later determinations are taken, which give 


the value of the work equivalent of the B.t*u. == 777.5 ft.dbs., the factor becomes 


*= 2547. 
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the steam furnished any engine is the difference between the total 
heat 11 that the steam contains at the upper pressure and the heat 
of the liquid at the lower pressure. Hence the steam consump¬ 
tion of the perfect engine per I.H.P.-hour will be expressed by 


^545 


poundsf 


{H-qJ (Ti-Tf) 

This is sometimes used as a standard for real engine performance, 
but since it is a standard impossible even of approach in any real 
engine, it has little or no practical value. 

Whenever jmssible a heat balance should be established for every 
economy test. Fora compound engine fitted with jackets on cylinders 
and receiver, such a heat balance should show the following items: 

1 . High-pressure Cylinder. 

(a) Heat received in cylinder steam. 

(b) Heat received in jacket steam. 

Heat rejected in exhaust. 

Heat rejected in jacket condensation. 

Heat utilized (heat equivalent of I.H.P. for H.P. 

cylinder). 

Heat lost by radiation, etc. 


(c) 

id) 

(e) 


0 \ 

II . Receiver. 

(a) Heat received in exhaust steam from H.P. cylinder. 

(b) Heat received in receiver jacket steam. 

{() Heat supplied to L.P. cylinder. 

(d) Heat rejected in jacket condensation. 

(c) Heat lost by radiation, etc. 

III. Low-pressure Cylinder. 

(a) Heat received from receiver (item II (c)). 

(b) Heat received in jacket steam. 

Heat in condensing 

(c) ' Heat rejected in exhaust steam ■ 

Heat m condensed 
steam. 

(d) Heat rejected in jacket condensation. 

(e) Heat utilized (heat equivalent of I.H.P. for L.P. 

cylinder). 

(/) Heat lost by radiation, etc. 
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The establishment of tills heat balance requires the determina¬ 
tion of the quality of steam between the high-pressure cylinder and 
the receiver, and also the quality of the steam leaving the receiver. 
Unless the engine is operated condensing, the quality of the exhaust ‘ 
steam in the low-pressure exhaust must be found in order to deter-^ 
mine item III (c). The loss represented by item III {[) will in* 
elude the radiation losses from condenser and piping in the casd^ 
of a condensing engine. Concerning the receiver, if the qualitie^^ 
of the steam are determined close to the high-pressure exhaus 
and low-pressure admission, the radiation loss, if computed froir^ 
e = c — a — + includes the losses from all of the piping be-'“ 

tween the two cylinders. 

362. Rules for Conducting Steam-Engine Tests, Code of 1902.— 

I. OiijECT OF Test. — Ascertain at the outset the specific object of the 
test, whether it be to determine the fulfillment of a contract guarantee, to 
ascertain the highest economy obtainable, to find the working economy and 
defects under conditions as they exist, to ascertain the performance under 
special conditions, to determine the effect of changes in the conditions, or to 
find the performance of the entire boiler and engine plant, and i>reparc for the 
test accordingly. 

No specific nilcs can be laid down regarding many of the preparations to 
be made for a test, so much depends upon the local conditions; and the matter 
is one which must be left mainly to the good sense, tact, judgment, and inge¬ 
nuity of the party undertaking it. One guiding principle must ever be kept 
in mind; namely, to obtain data which shall be thoroughly reliable for the 
purposes in view. If questions of contract are to be settled, it is of the fir.st 
importance that a clear understanding be had with all the parties to the con¬ 
tract as to the methods to be pursued — put ing this understanding, if neces¬ 
sary, in writing — unless these are dis inctly provided for in the contract 
itself. The preparations for the measurement of the feed water and of the 
various quantities of conden.sed water in the standard beat-unit test should 
be made in such a manner as to change as little as possible the working condi¬ 
tions and temperatures of the plant. 

TI. General Condition of the Plant. — Examine the engine and the 
entire plant concerned in the test; note its general condition and any points of 
design, construction, or operation which bear on the objects in view. Make a 
special examination of the valves and pistons for leakage by applying the 
working pressures with the engine at rest, and observe the quantity of steam, 
if any, blowing through per hour. 

If the trial has for an object the determination of the highest efficiency 
obtainable, the valves and pistons must first be made tight, and all parts of 
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the engine and its auxiliaries, and all other parts of the plant concerned, should 
be put in the best px)ssible working condition.* 

III. Dimensions, Etc. — Measure or check the dimensions of the cylinders 
in any case, this being done when they are hot. If they are much worn, the 
average diameter should be determined. Measure also the clearance, which 
should be done, if possible, by filling the spaces with water previously meas¬ 
ured, the piston being placed at the end of the stroke. If the clearance cannot 
be measured directly, it c.an be determined approximately from the working 
jdrawings of the cylinder. 

Measure the dimensions of auxiliaries and accessories, also those of the 
^boilers so far as concerned in attaining the objects. It is well to supplement 
these determinations with a sketch or sketches showing the general features 
f and arrangement of the different parts of the plant. 

To measure the clearance by actual test, the engine is carefully set on the 
center, with the piston at the end where the measurement is to be taken. 
Assuming, for example, a CorlLss engine, the best method to pursue is to remove 
the steam valve so as to have access to the whole steam port, and then fill u[) 
the clearance space with water, which is poured into the open port through a 
funnel. 'Fhe water is drawn from a receptacle containing a sufficient quan¬ 
tity, which has previously been measured. When the whole space, including 
the port, is completely filled, the quantity left is measured, and the difference 
shows the amount which has been poured in The measurement can be most 
easily made by weighing the water, and the corresponding volume determined 
by calculation, making proper allowance for temperature. The proportion 
required is the volume in cubic inches thus found, divided by the volume 
of the piston displacement, also in cubic inches, and the result expressed as a 
decimal. In this test care should be taken that no air is retained in the clear¬ 
ance space when it is being filled with water. 

* The Code under thi^ provision f;ives extended dirertions for determining i)iston 
and valve leakage, both qualitatively and quantitatively In the first test, valves 
and pistons are placai in the positit>ns desired and steam is then turned on, observa¬ 
tions of the steam leaking past being made by opening indicator cocks, or other vents 
that may he available. Another scheme is the ‘^o-callcd 'Mime method,'^ in which 
steam is turned on full and then turned off, watching the drop of pressure by means 
of an indicator. In a perfectly tight cylinder this drop would he due only to conden¬ 
sation and would he very slow. In any actual case the drop will be more rapid, 
depending iqjon the degree of leakage. It will be observed that the qualitative 
method of determining leakage is practically valueless, except as it may serve to 
distinguish between a fairly tight engine and one that leak.s very badly. The 
quantitative determination, made by condensing the leakage in some manner, is of 
course more accurate, but even the quantity so determined cannot be used as a 
correction to consumption figures determined on a test, beaiuse in operation the 
pressure conditions are not at all the same. Hence for very accurate work with 
reference to best consumption and maximum efficiency, the requirement of Rule II 
calling for tight piston and valves must be followed if possible to the letter. 
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The only difficulty which arises in measuring the clearance in this way is 
that occurring when the exhaust valves and piston are not tight, bo that, as 
the water is poured in, it flows away and is lost. If the leakage is .serious, no 
satisfactory measurement can be made, and it is better to depend upon the 
volume calculated from the drawing. If not too serious, however, an allow¬ 
ance can be made by carefully observing the length of time consumed in 
pouring in the water; then, after a portion of the water has leaked out, fill up 
the space again, taking the time, and measuring the quantity thus added, 
determining in this way the rate at which the leakage occurs. Data will 
thus be obtained for the desired correction. 

IV. Coal, — When the trial involves the complete plant, embracing boilers 
as well as engine, determine the character of coal to be used. The class, name 
of the mine, size, moisture, and quality of the coal should be stated in the 
report. It is desirable, for purposes of comparison, that the coal should 
be of some recognized standard quality for the locality where the plant is 
situated.* 

For New England and that portion of the country east of the Allegheny 
Mountains, good anthracite egg coal, containing not over lo per cent of 
ash and semibituminous Clearfield (Pa.), Cumberland (Md.), and Pocahontas 
(Va.) coals are thus regarded. West of the Allegheny Mountains, Pocahontas 
(Va.) and New River (W. Va.) semibituminous and Youghiogheny or Pitts¬ 
burg bituminous coals are recognized as standards. 

V. CalibratiOxV of Instruments. - All instruments and apparatus should 
be calibrated and their reliability and accuracy verified by comparison with 
recognized standards. Such apfiaratus as is liable to change or become broken 
during a test, as gauges, indicator springs, and thermometers, should be cali¬ 
brated before and after the test. The accuracy of scales should be verified 
by standard weights. When a water meter is used, special attention should 
be given to its calibration, verifying it both before and after the trial, and, if 
possible, during its progress, the conditions in regard to water pressure and 
rate of flow being made the same in the calibrations as exist throughout the 
trial. 

(a) Gauges. — See Arts, 95“97, p» of this book. 

(b) Thermometers. — See Art. 107, p. 21Q of this book. 

(c) Indicator Springs. ’—Sec Arts. 329, 330, p. 597 of this book. 

(d) Water Meters. -- A good method of calibrating a water meter is 
the following, reference being made to Fig. 493; 

Two tees A and B are placed in the feed pipe, and between them two valves 
C and D. The meter is connected between the outlets of the tees A and B. 

* See the Boiler Code for further directions concerning observations on coal. It 
was pointed out there that there is usually no choice concerning the quality of the 
coal, and that there is in most cases no object in calling for any other grade of coal 
than that regularly used in the plant under consideration. 
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The valves JE and F are placed one on each side of the meter. When the meter 
is running, the valves E and F are opened, and the valves C and D are closed. 
Should an accident happen to the meter during the test, the valves E and F 
may be closed and the valves C and D opened, so as to allow the feed water 
to flow directly into the boiler. A 
small bleeder G is placed between the 
valves C and Z?. The valve G is 
opened when the valves C and D are 
closed, in order to make sure that 
there is no leakage. A gauge is at¬ 
tached at H, When the meter is 
tested, the valves C, Z), and F are 
closed, and the valves E and I are 
opened. The water flows from the 
valve / to a tank j>laced on weighing 
scales. In te.sting ihe meter the feed 
pump is run at the normal speed, and the water leaving the meter is throttled at 
the valve I until the pressure shown by the gauge H is the same as that indicated 
when the meter is running under the normal conditions. The piping leading 
from the valve I to the tank is arranged with a swinging joint, consisting merely 
of a loo.sely fitting elbow, so that it can be readily turneil into the tank or away 
from it. After the desired pressure and speed have been secured, the end of the 
pipe is swung into the tank the instant that the {)ointer of the meter is opposite 
some graduation mark (m the dial, and the water continues to empty into the 
tank while any desired number of even cubic feet are discharged, after which 
the pipe is swung away from the tank. 'Phe tests should be made by starting 
and stopping at the same graduation mark on the meter dial, and continued 
until at least 10 or 20 cubic feel are discharged for one test. The water col¬ 
lected in the tank is then weighed. 

The water passing the meter should always be under pressure in order that 
any air in the mett'r may be discharged through the vents provided for tliis 
purpose. Care should be taken that there is no air contained in the feed 
water. Should the feed-water pump draw^ from a hot-well, the height of the 
water in the hot-well must never be so low as the suction pipe of the pump. 
In case the speed of the feed pump cannot V>e regulated, as occurs in some 
cases where it is driven directly from the engine, a by-pass should be connected 
with the pipe leading from the pump, to allow some of the water to flow back 
into the hoi-well, if the pump lowers the wUer in the hot-well beyond a given 
mark. The meter should be tested both before and after the engine trial, 
and several tests should bc' made of the meter in each case in order to obtain 
confirmative results. It is well to make preliminary tests to determine 
whether the meter works satisfactorily before connecting it up for an engine 
trial. The results should agree with each other for two widely different rates 
of flow. 



Fio. 493. — Mkthod of Connecting up 
Water Meter for Calibration. 



736 


EXPERIMENTAL ENGINEERING 


VI, Leakages of Steam, Water, Etc. — In alJ tests except those of a 
complete plant made under conditions as they exist, the boiler and its connec¬ 
tions, both steam and feed, as also the steam piping leading to the engine and 
its connections should, as far as possible, be made tight. If absolute tightness 
cannot be obtained (in point of fact it rarely can be) proper allowance should 
be made for such leakage in determining the steam actually consumed by the 
engine. This, however, is not required where a surface condenser is used 
and the water consumption is determined by measuring the discharge of the 
air pump. In such cases it is necessary to make sure that the condenser is 
tight, both before and after the test, against the entrance of circulating water, 
or if such occurs to make proper correction for it, determining it under the 
working difference of pressure. Should there be excessive leakage of the con¬ 
denser it should be remedied before the test is made. WIuui the steam consump¬ 
tion is determined by measuring the discharge of the air pump, any leakage 
about the valve or piston rods of the engine should be carefully guarded against 

Make sure that there is no leakage at any of the connections with the 
apparatus provided for measuring and supplying the fe(‘d water which could 
affect the results. All connections should, so far as possible, be visible and be 
blanked off, and where this cannot be done, satisfactory assurance should be 
obtained that there is no leakage either in or out. 

It is not always necessary to blank off a connecting pip(* to make sure' that 
there is no leakage through it. If satisfactory assurance can be had that there 
is no chance for leakage, this is sufficient. For example, where a straightway 
valve is used for cutting off a connecting pipe, and this valve has double seats 
with a hole in the bottom between them, this being provided with a plug or 
pet cock, assurance of the tightness of the valve when closed can be had by 
removing the plug or opening the cock Likewise, if there is a drain pipe 
beyond the valve, the fact that no water escapes here is suOicienl evidence of 
the tightness of the valve. The main thing is to have positive evidence in 
regard to the tightness of the connections, such as may be obtained by the 
means suggested above; hut where no positive evidence can be obtained, or 
where the leakage that occurs cannot be measured, it is of the utmost im¬ 
portance that the connections should be broken and blanked off. 

Leakage of relief valves which are not tight, drips from traps, separators, 
etc., and leakage of tubes in the feed water-heater must all be guarded against 
or measured and allowed for. 

It is well, as an additional precaution, to test the tightness of the feed- 
water pipes and apparatus concerned in the measurement of the water by run¬ 
ning the pump at a slow speed for, say, fifteen minutes, having first shut the 
feed valves at the boilers. Leakage will be revealed by disappearance of 
water from the supply tank. In making this test, a gauge should be placed 
on the pump discharge in order to guard against undue or dangerous pressure. 

(The Code next gives a ‘‘water-glass^’ method of determining boiler leakage, 
for which see p. 712 of this book.) 
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In making a test of an engine where the steam consumption is determined 
from the amount of water discharged from the surface condenser, leakage of 
the piston rods and valve rods should be guarded against; for if these are 
excessive, the test is of little use, as the leakage consists partly of steam that 
has already done work in the cylinder and of water condensed from the steam 
when in contact with the cylinder. If such leakage cannot be prevented, 
some allowance should be made for the quantity thus lost. The weight of 
water as shown at the condenser must be ’increased by the quantity allowed 
for this leakage. 

VII. Dokation of Test. —The duration of a test should depend largely 
upon its character and the objects in view. The standard heat test of an 
engine, and, likewise, a test for the simple determination of the feed^water 
consumption, should be continued for at least five hours, unless the class of 
service precludes a continuous run of so long duration. It is desirable to 
prolong the test the number of hours stated to obtain a number of consecutive 
hourly records as a guide in analyzing the reliability of the whole. 

Where the water discharged from the surface condenser is measured for 
successive short intervals of time, and the rate is found to be uniform, the test 
may be of a much shortcT duration than where the feed whaler is measured to 
the boiler. The longer the test with a given set of conditions, the more accu¬ 
rate the work, and no test should t>e so short that it cannot be divided into 
several intervals which will give results agreeing substantially with one another. 

The commercial lest of a complete plant, embracing boilers as well as 
engine, should continue at least one full day of twenty-four hours, whether the 
engine is in motion during the entire time or not. A continuous coal test of 
a boiler and engine should be of at least ten hours’ duration, or the nearest 
multiple of the interval between times of cleaning fires. 

VIIL SCARTINO AND STOPPING A Test, — (u) Standard Heat Test and 
Feed-water Test of Engine. — The engine having been brought to the normal 
condition of running, and operated a sufiicient length of time to be thoroughly 
heateii in all its parts, and the measuring apparatus having been adju.stcd 
and set to work, the height of water in the gauge glasses of the boilers is ob¬ 
served, the dc[)th of water in the reservoir from which the feed water is sup¬ 
plied is not d, tlie exact time of day is observed, and the test held to Ix^gin. 
Thereafter the measurements determined upon for the test arc begun and 
carried forward until its close. If practicable, the test may be begun at 
some even hour or minute, but it is of the first imix)rtance to begin at such 
time as reliable observations of the water heights are obtained, whatever the 
exact time happens to l>e when these are satisfactorily determined. WTien 
the time for the close of the test arrives, the water should, if iK)ssible, be 
brought to the same height in the glasses and to the same depth in the feed- 
water reservoir as at the beginning, delaying the conclusion of the test if 
necessary to bring about this similarity of conditions. If differences occur, the 
proper corrections must be made. 
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Caxe should be taken in cases where the activity of combustion in the 
boiler furnaces affects the height of water in the gauge glasses that the same 
condition of fire and draughts are operating at one time as at the other. For 
this reason it is best to start and stop a test without interfering with the regu¬ 
larity of the operation of the feed pump, provided the latter may be regulated 
to run so as to supply the feed water at a uniform rate. In some cases where 
the supply of feed water is irregular, as, for example, where an injector is used 
of a Larger capacity than is required, the supply of feed water should be tempo¬ 
rarily shut off. 

It is important to use great care in obtaining the average height of the 
water in the glasses, taking sufficient time to satisfactorily judge of the full 
extent of the fluctuation of the water line, and tliercby its mean i)osition. It 
is important, also, to refrain from blowing off the water column or its con¬ 
necting pipes, either during the progress of the test or for a period of an hour 
or more prior to its beginning. Such blowing off changes the temperature of 
the water within, and thereby its specific gravity and height. 

To mark the height of water in a gauge glass in a convenient way, a paper 
scale, mounted on wood and divided into tenths of inches, may be placed 
behind it or at its side. 

( 6 ) Complete Engine and Boiler Test .—For a continuous running test of 
combined engine or engines, and boiler or boilers, the same directions apply 
for beginning and ending the feed-water measurements as that just referred 
to under section (a). The time of beginning and ending such a test should be 
the regular time of cleaning fires, and the exact time of beginning and ending 
should be the time when the fires are fully cleaned, just preparatory to putting 
on fresh coal. In cases where there are a number of boilers, and it is incon¬ 
venient or undesirable to clean all fires at once, the time of beginning the 
test should be deferred until they are all cleaned and in a satisfactory state, 
all the fires being then burned dowm to a uniformly thin condition, the thick¬ 
ness and condition being estimated and the test begun just before firing the 
new coal previously weighed. The ending of the le.st is likewise deferred until 
the fires are all sati.sfactorily cleaned, being again burned down to the same' 
uniformly thin condition as before, and the time of closing being taken just 
before replenishing the fires with new coal. 

For a commercial test of a combined engine and boiler, whether the engine 
runs continuously for the full twenty-four hours of the day or only a portion 
of the time, the fires in the boilers being banked during the time when the 
engine is not in motion, the beginning and ending of the test should occur at 
the regular time of cleaning the fires, the method followed l>cing that already 
given. In cases where the engine is not in continuous motion, as, for example, 
in textile mills, where the working time is ten or eleven hours out of the twenty- 
four, and the fires are cleaned and banked at the dose of the day^s work, the 
best time for starting and stopping a test is the time just before banking, 
when the fires are well burned down and the thickness and condition can be 



TESTING STEAM ENGINES AND LOCOMOTIVES 739 


most satisfactorily judged. In these, as in all other cases noted^ the test 
should be begun by observing the emct time, the thickness and condition of 
the fires on the grates, the height of water in the gauge glasses of the boilers, 
the depth of the water in the reservoir from which the feed water is supplied, 
and other conditions relating to the trial, the same observations being again 
taken at the end of the test, and the conditions in all respects being made as 
nearly as possible the same as at the beginning. 

IX, Measurement of Heat Units Consumed by the Engine. — The 
measurement of the heat consumption requires the measurement of each 
supply of feed water to the boiler — that is, the water supplied by the main 
feed pump, that supplied by auxiliary pumps, such as jacket water, water 
from separators, drips, etc,, and water supplied by gravity or other means; 
also the determination of the temperature of the water supplied from each 
source, together with the pressure and quality of the steam. 

The temperatures at the various points should be those applying to the 
working conditions. The temperature of the feed water should be taken near 
the boiler. This causes the engine to suffer a disadvantage from the heat 
lost by radiation from the pipes which carry the water to the boiler, but it is 
nevertheless advisable on the score of simplicity. Such pipes would there¬ 
fore be considered a portion of the engine plant. This conforms with the 
rule already recommended for the tests of pumping engines where the duty 
per million heat units is computed from the temperature of the feed water 
taken near the boiler. It frequently happens that the measurement of the 
water requires a change in the usual temperature of supply. For example, 
where the main supply is ordinarily drawn from a hot^well in which the tem¬ 
perature is, say, 100° F., it may be necessary, owing to the low level of the 
well, to take the supply from some source under a pressure or head sufficient 
to fill the weighing tanks used, and this supply may have a temperature much 
below that of the hot-well; possibly as low as 40^" F. The temperature to be 
used is not the temperature of the water as weighed in this case, but that 
of the working temperature of the hot-wcIJ, The working temperature in 
ca.ses like this must be determined by a special test, and included in the log 
sheets. 

In determining the working temperatures, the preliminary or subsequent 
test should be continued a sufficient time to obtain uniform indications, and 
such as may be judged to be an average for the working conditions. In this 
test it is necessary to have some guide as to the quantity of work being done, 
and for this reason the power developed by the engine should be determined 
by obtaining a full set of diagrams at suitable intervals during the progress of 
the trial. Observations should also be made of all the gauges connected with 
the plant and of the water heights in the boilers, the latter being maintained 
at a uniform point so as to be sure that the rate of feeding during the test is 
not sensibly different from that of the main test. 

The heat to be determined is that used by the entire engine equipment, 
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embracmg the main cylinders and all the auxiliar>^ cylinders and mechanism 
concerned in the operation of the engine, including the air pump, circulating 
pump, and feed pumps, also the jacket and reheatcr when these are used. No 
deduction is to be made for steam used by auxiliaries unless these are shown 
by test to be unduly wasteful. In this matter an exception should be made 
in cases of guarantee tests where the engine contractor furnishes all the auxil¬ 
iaries referred to. lie should, in that case, be responsible for the whole, and 
no allowance should be made for inferior economy, if such exists. Should a 
deduction l)e made on account of the auxiliaries being unduly w^asteful, the 
method of waste and its extent, as compared with the wastes of the main 
engine or other standard of known value, shall be reported definitely. 

The steam pressure and the quality of the steam are to be taken at some 
point conveniently near the throttle valve. The quantity of steam used by 
the calorimeter must be determined and prop rly allowed for. 

X. Measurement of Feed Water or Steam Consumption of Engine, 
Etc. — The method of determining the steam consumption applicable to all 
plants is to measure all the feed water supplied to the boilers, and deduct 
therefrom the water discharged by separators and drips, as also the water 
and steam which escape on account of leakage of the boiler and its pipe con¬ 
nections and leakage of the steam main and branches connecting the boiler 
and the engine. In plants where the engine exhausts into a surface condenser 
the steam consumption can he measured by determining the quantity of 
water discharged by the air pump, corrected for any leakage of the condenser, 
and adding thereto the steam used by jackets, rcheaters, and auxiliaries as 
determined independently. If the leakage of the condenser is loo large to 
satisfactorily allow for it, the condenser should, of course, be repaired and the 
leakage again determinefi before making the test. 

(The Code here discusses methods of measuring water, for which sec 
Chap. XII.) 

The corrections or deductions to be made for leakage above referred to 
should be applied only to the standard heat-unit test and tests for determining 
simply the steam or feed-water consumption, and not to coal tests of combined 
engine and boiler equipment. In the latter, no correction should l>c made 
except for leakage of valves connecting with other (‘ngincs and boilers, or for 
steam used for purposes other than the operation of the plant under test. 
Losses of heat due to imperfections of the plant should be charged to the plant, 
and only such los.ses as are concerned in the working of the engine alone should 
be charged to the engine. 

In measuring jacket water or any supply under pressure which has a tem¬ 
perature exceeding 212° F., the water should first be cooled, as may be done 
by discharging it into a tank of cold water previously weighed, or by passing 
it through a coil of pipe submerged in running and colder water, preventing 
thereby the loss of evaporation which occurs when such hot wrater is discharged 
into the open air. 
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XL Measurement of Steam Used by Auxiliaries. —- Although the 
steam used by the auxiliaries embracing the air pump, circulating pump, 
feed pump, and any other apparatus of this nature, supposing them to be 
steam-driven, also the steam jackets, reheaters, etc., which consume steam 
required for the operation of the engine — is all included in the measurement 
of the steam consumption, as jx)inted out in Article X, yet it is highly desirable 
that the quantity of steam used by the auxiliaries, and in many cases that 
used by each auxiliary, should be determined exactly, so that the net con* 
sumption of the main engine cylinders may be ascertained and a complete 
analysis made of the entire work of the engine f)lant. Where the auxiliary 
cylinders are non-condensing, the steam consum])tion can often be measured 
by carrying the exhaust for the pur[x>se into a tank of cold water resting on 
scales or through a coil of pipe surrounded by cold running water. Another 
method is to run the auxiliaries as a whole, or one by one, from a spare boiler 
([)referably a small vertical one), and measure the feed water supplied to this 
boiler. The steam used by the air an<l circulating pumps may be measured 
by running them under, as near as t>ossible, the working conditions and speed, 
the main engine and other auxiliaries being bto][>ped, and testing the consump¬ 
tion by the nicasuring apparatus used on the main trial. For a short trial, to 
obtain approximate rc'suUs, mea.surement can be made by the \\ater-gauge 
glass method, the feed supidy being .shut off. When the engine has a surface 
condenser, the quantity of steam u.sed by the auxiliaries may be ascertained 
by allowing the engine alone to exhaust into the condenser, measuring the 
feed water supj[)licd to tlie boiler and the water discliarged by the air pump, 
and subtracting one frc»m the other, after allowing for losses by leakage. 

XIL Coal Mkasukeaieni'. - (a) Commercial Tests. — In commercial tests 
of the corabinod engine and boiler equipment, or those made under ordinary 
conditions of commercial service, the test should, as pointed out in Article \TI, 
extend over the entire period of the day; that is, twenty-four hours, or a num¬ 
ber of days of that duration. Consequently, the coal consumption should be 
determined for the entire lime. If the engine runs but a part of the time, and 
during the remaining portion the fires are banked, the measurement of coal 
should include that used for banking. It is well, however, in such cases, to 
determine se{)arately the amount consumed during the time the engine is in 
operation and that consumed during the period the fires are banked, so as 
to liave complete data for purposes of analysis and comparison, using suit¬ 
able precautions to obtain reliable measurements. The measurement of coal 
begins with the first firing, after cleaning the furnaces and burning down at 
the beginning of the test, as pointed out in Article VIII, and ends with the 
last firing, at the expiration of the allotted time. 

{h) Continuous Running Tests. — In continuous running tests which, as 
pointed out in Article VII, cover one or more periods which elapse between 
the cleaning of the fires, the same principle applies as that mentioned under 
the above heading (a); viz., the coal measurement begins with the first firing, 
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after cleaning and burning down, and the measurement ends with the last 
firing, before cleaning and burning down at the close of the trial. 

(c) Coal Tests in General. — When not otherwise specially understood, a coal 
test of a combined engine and boiler plant is held to refer to the commercial 
test above noted, and the measurement of coal should conform thereto. 

In connection with coal measurements, whatever the class of tests, it is 
important to ascertain the percentage of moisture in the coal, the weight of 
ashes and refuse, and, where possible, the approximate and ultimate analysis 
of the coal, following all tlie methods and details advocated in the latest report 
of the Boiler Test Committee of the Society. See also Chap. XIII of this book. 

(rf) Other Fuels than Coal .— For all other solid fuels than coal the same direc¬ 
tions in regard to measurement should be followed as those given for coal If 
the boilers are run with oil or gas, the measurements relating to stopping and 
starting are much simplified, because the fuel is burned as fast as supplied, 
and there is no body of fuel constantly in the furnace, as in the case of using 
solid fuel. When oil is used, it should be weighed, and when gas is used, it 
should be measured in a calibrated gas meter or a gasometer. 

XIII. Indicatkd Horse Po\vf:R. — The indicated horse power should be 
determined from the average mean effective pressure of diagrams taken at 
intervals of twenty minutes, and at more frequent intervals if the nature of 
the test makes this necessary, for each end of each cylinder.* With variable 
loads, such as those of engines driving generators for electric railroad work, 
and of rubber-grinding and rolling-mill engines, the diagrams cannot be taken 
too often. In cases like the latter, one method of obtaining suitable averages 
is to take a series of diagrams on the same blank card without unhooking the 
driving cord, and apply the pencil at successive intervals of ten seconds until 
two minutes* time or more has elapsed, thereby obtaining a dozen or more 
indications in the time covered. This tends to insure the determination of a 
fair average for that period. Tn taking diagrams for variable loads, as indeed 
for any load, the pencil should be applied long enough to cover several suc¬ 
cessive revolutions, so that the variations produced by the action of the 
governor may be properly recorded. To dt^termine whether the governor is 
subject to what is called ‘^racing** or “hunting,^* a ‘Variation diagram ** should 
be obtained; that is, one in which the pencil is applied a sufficient time to 
cover a complete cycle of variations. When the governor is found to be 
working in this manner, the defect should be remedied before proceeding with 
the test. 


* Author's Note. This method of computing LH.P. gives an acceptable result 
only when the speed of the engine is fairly constant. In case the speed fluctuates, 
not the average of the M.E.P. determinations should be used, but the average of the 
pn products in the equation 

33^000 

in which p « M.E.P. and n » revolutions per min. 
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It is seldom necessary, as far as average power measurements are concerned^ 
to obtain diagrams at precisely the same instant at the two ends of the cylin¬ 
der, or at the same instant on all the cylinders, when there are more than one* 
All that is required is to take the diagrams at regular intervals. Should the 
diagrams vary so much among themselves that the average may not be a 
fair one, it signifies that they should be taken more frequently, and not that 
special care should be employed to obtain the diagrams of each set at pre¬ 
cisely the same time. When diagrams are taken during the time when the 
engine is working up to speed at Ihe start, or when a study of valve setting and 
steam distribution is being made, they should be taken at as nearly the same 
time as practicable. In cases where the diagrams are to be taken simultane¬ 
ously, the best plan is to have an operator stationed at each indicator. This 
is desirable, even where an electric or other device is employed to operate all 
the instruments at once; for unless there arc enough operators, it is necessary 
to open the indicator cocks some time before taking the diagrams and run the 
risk of clogging the pistons and heating the high-pressure springs above the 
ordinary working temperature. 

The most satisfactory driving rig for indicating seems to be some form of 
well-made pantograph, with driving cord of fine annealed wire leading to the 
indicator.* The reducing motion, whatever it may be, and the connections 
to the indicator, should be so perfect as to produce diagrams of equal lengths 
when the same indicator is attached to either end of the cylinder, and produce 
a proportionate reduction of the motion of the piston al every point of the 
stroke, as proved by t<*st. 

With a perfect working pantograph, or similar apparatus, the equality in 
the length of diagrams taken with the same indicator at the two ends is suffi¬ 
cient indication of the substantial reliability of the reduction when the point 
of cut-off on the diagram is not unusually short — say, not shorter than one- 
eighth. When th(' cut-off is unusually short, the error produced by imperfect 
reduction becomes a comparatively large item, and one which for accurate 
work should be allowed for To test the accuracy of the reducing motion 
without making special preparations for a thorough examination, it is sufficient 
to make a comparison between the actual proportion of the stroke covered 
and the apparent proportion measured on the indicator, and see how they 
agree. This may he done on a large engine by making the comparison wherever 
it happens to stop, and repeating the comparison when it has stopped with 
the piston at some other point of the stroke. With an engine which can be 
turned over by hand, or where auxiliary power is provided for moving it, the 
comparison may be made at a number of equidistant points in the stroke. 
To make the test properly, a diagram should be taken just before stopping, 
and this will serve as a reference for the measurements taken after stopping. 
The actual proportion of stroke covered is determined by measuring the dis- 

* For different types of reducing motions sec Chap. XV of this book. 
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tance which the crosshead has moved and comparing it with the whole length 
of the stroke, making sure that the slack has all been taken up by turning 
sufiBcient steam into the cylinder to bring a pressure to bear on the piston, but 
not suliicient to start the flywheel in motion. To obtain the apparent indi¬ 
cation from the diagram, the indicator pencil is moved up and down with the 
finger so as to make a vertical mark on the diagram, and the distance of this 
mark from the beginning of the diagram compared to the whole length of the 
diagram is the proportion desired. 

It is necessary, of course, to go through these operations without changing 
in any way the adjustment of the driving cord of the indicator, or any part of 
the mechanism that would alter the movements of the indicator. 

The use of a three-way cock and a single indicator connected to the two 
ends of the cylinder is not advised, except in cases where it is impracticable to 
use an indicator close to each end. If a three-way cock is used, the (‘rror pro¬ 
duced should be determined and allowed for. 

The effect of the error produci^i by a three-way cock is usually to increase 
the area of the diagram. This is due to the tardiness of the indicator in re¬ 
sponding to the changes of pressure. In an investigation made by one of the 
Committee, which was carried out both on short-stroke engines running at 
high speed and long-stroke engines running at comparatively slow sp(‘cd, it 
was found that the increased area of the diagram, diK* to the sluggish action 
pro<iuccd by the three-way cock, ranged from 3 to 7 [ler cent as compared 
with an indicator with a short and direct pipe. 

In the manipulation of the indicator it is important to keep the instrument 
in clean condition and preserve it in mechanically good order. Ordinary 
cylinder oil is the best material to use for lubricating the indicator iiiston for 
pressures above the atmosphere. It is better to havt‘ the piston fit the cylinder 
rather loosely — so as to get absolute freedom of motion — than to have a 
mathematically accurate fit. In the latter case, extreme care and frequent clean¬ 
ings are required to obtain good diagrams. No diagrams should be accepted 
in which there is any appearance of want of freedom in the movement of the 
mechanism. A ragged or serrated line in the region of the expansion or com¬ 
pression lines is a sure indication that the piston or some pari of the mechanism 
sticks; and when this state of things is revealed the indicator should not be 
trusted, but the cause should be ascertained and a suitable remedy applied. 
Entire absence of wire drawing of the steam line, and especially a sharp, square 
corner at the beginning of the steam line, should be looked upon with suspicion, 
however desirable and satisfactory these features might otherwise be. These 
are frequently produced by an indicator which is defective, owing to want of 
freedom in the mechanism. An indicator which is free when subjected to a 
steady steam pressure, as it is under a test of the springs for calibration, should 
be able to produce the same horizontal line, or substantially the same, after 
pushing the pencil down with the finger, as that traced after pushing the pencil 
up and subsequently tapping it lightly. When the pencil is moved by the 
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finger, first up and then down, the piston being subjected to pressure, the 
movement should appear smooth to the sense of feeling. 

The point selected for attaching an indicator to the cylinder should never 
be the drip pipe or any point where the water of condensation will run into the 
instrument, if this can possibly be avoided. The admission of water with 
the steam may greatly distort the diagram. If it Ixecomes necessary to place 
the indicator in such a position, as may hapf)en when it is attached to the 
lower end of a vertical cylinder, the connection to the indicator must be short 
and direct, and in some cases it should be provided with a drip chamber 
arranged so as to collect the water or deflect it from entering the instrument. 

In all cases the pipes leading to indicators should be as short and direct as 
possible. 

To determine the. average power developed in cases where the engine starts 
from rest during the progress of the trial, as in a commercial test of a plant 
where the engine runs only a portion of the tweiity~four hours, a number of 
diagrams should be taken during the period of getting up speed and applying 
the working load, the corresponding speed for each set of diagrams being 
counted. The power shown by tliesc diagrams for the proportionate time 
should be included in the average for the whole run, and the duration should be 
the time the throttle valve is open. 

XIV. Testing Indicator Springs. — See Arts. 329, 330, p. 593, of this 
book, which practically cover the provisions of the Code. 

XV. Brake Horse Power. — See Chap. X of this book, for construction 
of brakes, computation of power, etc. 

XVI. Quality of Steam. — The calorimeter, of whatever type, should 
be attached to the main steam pipe close to the throttle. Concerning tiic 
different types of calorimeters and the method of using them, see Chap. XIV 
of this book. 

The Code recommends that the calorimeter be attached to a vertical pipe 
if possible, in which case the perforated sampling tube, Fig. 374, may be used. 
Where it is net'essary to attach to a horizontal pipe, it is further recommended 
that the sampling tube be inserted through the bottom of tlie pipe through a 
stuOing box, and that readings be taken at different points in the cross section 
of the steam pipe, the samt)ling lube being open of course only at its end. If 
the reading near the bottom of the pipe should show water, it is recommended 
that a drip pipe be inserted just ahead of the calorimeter, through w^hich pipe 
a sufficient quantity of steam is continuously removed to take out the water. 
Due allowance of course should be made for this. If this scheme does not 
result in fairly dry steam being shown in the calorimeter at all positions of 
the sampling tube, or if in the vertical pipe the indications vary greatly, some¬ 
times exceeding 3 per cent, it is then recommended to insert a separator. 

XVII. Speed. —There are several reliable methods of ascertaining the 
speed, or the number of revolutions of the engine crank-shaft per minute. 
The simplest is the familiar method of counting the number of turns for a 
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period of one minute with the eye fixed on the second hand of a timepiece. 
Another is the use of a counter held for a minute or a number of minutes 
against the end of the main shaft. Another is the use of a reliable calibrated 
tachometer held likewise against the end of the shaft. The most reliable 
method, and the one we recommend, is the use of a continuous recording engine 
register or counter, taking the total reading each time that the general test 
data are recorded, and computing the revolutions per minute corresponding 
to the difference in the readings of the instrument. When the speed is above 
250 revolutions per minute, it is almost impossible to make a satisfactory count¬ 
ing of the revolutions without the use of some form of mechanical counter. 

The determination of variation of speed during a single revolution, or the 
effect of the fluctuation due to sudden changes of the load, is also desirable, 
especially in engines driving electric generators used for lighting purposes. 
There is at present no recognized standard method of making such determina¬ 
tions, and if such are desired, the method employed may be devised by the per¬ 
son making the test, and described in detail in the report. 

One method suggested for determining the instantaneous variation of 
speed which accompanies a change of load is as follows: A screen containing 
a narrow slot is placed on the end of a bar and vibrated by means of electricity. 
A corresponding slot in a stationary screen is placed parallel and nearly touch¬ 
ing the vibrating screen, and the two screens are placcKl a short distance from 
the flywheel of the engine in such a position that the observer can look through 
the two slots in the direction of the spokes of the wheel The vibrations are 
adjusted so as to conform to the frequency with which the spokes of the wheel 
pass the slots. When this is done the observer viewing the wheel through the 
slots sees what appears to be a stationary flywheel. When a change in the 
velocity of the flywheel occurs, the wheel appears to revolve either backw^ard 
or forward according to the direction of the change. By careful observations 
of the amount of this motion, the angular change of velocity during any given 
time is revealed. 

Experiments that have been made with a device of this kind show that the 
instantaneous gain of velocity, upon suddenly removing all the load from an 
engine, amounted to from one-sixth to one-quarter of a revolution of the 
wheel* 

XVni. Recording the Data. — Take note of every event connected 
with the progress of the trial, whether it seems at the time to be important or 
unimportant. Record the time of every event, the time of taking every 
weight, and every observation. Observe the pressures, temperatures, water 

* For further information concerning the Measurement of Speed, see Chap. VIII 
of this book. Attempts to study governor action under changing loads have some¬ 
times been made by use of the ordinary indicating tachometer. No reliance can be 
placed on such indications, and it usually becomes nec'essary to arrange for a time 
indication by seconds pendulum, or other means, together with an automatic record¬ 
ing of the revolutions. 
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heights, speeds, etc,, every twenty or thirty minutes when the conditions 
are practically imiform, and at much more frequent intervals if the conditions 
vary. Observations which concern the feed-waier measurement should be 
made with special care at the expiration of each hour of the trial, so as to 
divide the tests into hourly periods and show the imiformity of the conditions 
and results as the test goes forward. Where the water discharged from a 
surface condenser is weighed it may be advisable to divide the test by this 
means into periods of less than one hour. 

The data and observations of the test should be kept on properly prepared 
blanks or in notebooks containing columns suitably arranged for a clear 
record. As different observers have their own individual ideas as to how such 
records should be kept, no special form of log sheet is given as a necessary 
part of the code.’*' 

XIX. Uniformity of Conditions. — In a lest, having for an object the 
determination of the maximum economy obtainable from an engine, or where 
it is desired to ascertain with special accuracy the effect of predetermined 
conditions of operation, it is important that all the conditions under which 
the engine is operated should be maintained uniformly constant. This re¬ 
quirement applies especially to the pressure, the speed, the load, the rate of 
feeding the various supplies of water, the height of water in the gauge glasses, 
and the depth of water in the feed-water reservoir. 

XX. Analysis of tite Indicator Dugrams. — (a) Skam Accounted for 
by the Indicator,—This is also known as the ‘‘Diagram Water Rate.^^ See Art. 
348, p. 653, of this book. 

(b) Sample Indicator In order that the report of a test may 

afford complete information regarding the conditions of the test, sample indi¬ 
cator diagrams should be selected from those taken and copies appended to 
the tables of results. In cases where the engine is of the multiple-expansion 
type these sample diagrams may also be arranged in the fonn of a “combined'* 
diagram. 

The Code next shows methods of obtaining combined diagrams. See Art. 
353» P- b6i, of this book. 

(r) The Point of — The term “cut-off” as applied to steam engines, 

although somewhat indefinite, is usually considered to be at an earlier point 
in the stroke than the beginning of the real expansion line. That the cut-off 
point may be defined in exact terms for commercial purposes, as used in steam- 
engine specifications and contracts, the Committee recommends that, unless 
otherwise specified, the commercial cut-off, which seems to be an appropriate 
expression for this term, be ascertained as follows: Through a point showing 
the maximum pressure during admission, draw a line parallel to the atmos¬ 
pheric line. Through the point on the expansion line near the actual cut-off, 
draw a hy[>erbolic curve. The point where these two lines intersect is to be 


* See the log forms used in Sibley College, pp. 771, 772, and 773 of this book. 
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considered the commercial cut-oj point. The percentage is then found by 
dividing the length of the diagram measured to this point, by the total length 
of the diagram, and multiplying the result by loo. 

The principle involved in locating the commercial cut-off is shown in Figs. 
494 and 495, the first of which represents a diagram from a slow-speed Corliss 




engine, and the second a diagram from a singlc-valvc high-speed engine. In 
the latter case, where, owing to the fling of the pencil, the steam line vibrates, 
the maximum pre.$sure is found by taking a mean of the vibrations at the 
highest point. 

The commercial cut-off^ as thus determined, is situated at an earlier point of 
the stroke than the actual cut-off referred to in computing the steam accounted 
for” by the indicator in Section XX (a). 

(d) Ratio of Expansion.— The ratio of expansion for a simple engine is de¬ 
termined by dividing the volume corresponding to the piston displacement, 
including clearance, by the volume of the steam at the commercial cut-off, 
including clearance. 

In a multiple-expansion engine it is determined by dividing the net volume 
of the steam indicated by the low-pressure diagram at the end of the expansion 
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line, assumed to be continued to the end of the stroke, by the net volume of 
the steam at the maximum pressure during admission to the high-pressure 
cylinder. 

For example, in a simple engine, referring to Figs. 404 and 495, the ratio of 
expansion is the entire distance BF including clearance, divided by the distance 

HF 

EB including clearance; that is» 

KB 

For a compound engine, referring to the combined diagram, Fig. 496, the 
ratio of expansion is the distance CD divided by the distance AB) in which 



E and F are points on the compression and expansion lines respectively of the 
high-pressure diagram, the latter being near the point of cut-off; and J?'and G, 
points on the compression and expansion lines of the low-pressure diagram, 
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the latter being near the point of release, and the curves EA^ FB^ BC^ and 
GD being hyperbolic. If it is desired to determine the ratio without laying out 
the combined diagram it can be done by drawing on the original diagrams the 
hyperbolic curves referred to above, and multiplying the ratio of volumes of 
the cylinders, first by the ratio of the length of the high-pressure diagram to 
the distance AB and then by the ratio of the distance CD to the length of the 
low-pressure diagram. 

(e) Diagram Factor. — The diagram factor is the proportion borne by the 
actual mean effective pressure measured from the indicator diagram to that 
of a diagram in which the various operations of admission, expansion, release, 
and compression are carried on under assumed conditions. The factor rec¬ 
ommended refers to an ideal diagram which represents the maximum power 
obtainable from the steam accounted for by the indicator diagrams at the 
point of cut-off, assuming first that the engine has no clearance; second, that 
there are no losses through wire-drawing the steam either during the admission 
or the release; third, that the expansion line is a hyperbolic curve; and fourth, 
that the initial pressure is that of the boiler and the back pressure that of 
the atmosphere for a non-condensing engine, and of the condenser for a con¬ 
densing engine. 

The diagram factor is useful for comparing the steam distribution losses in 
different engines, and is of special use to the engne designer, for by multi¬ 
plying the mean effective pressure obtained from the assumed theoretical 
diagrams by it he will obtain the actual mean effective pressure that should 
be develoijed in an engine of the type considered. The expansion and com¬ 
pression curves are taken as hyperbolas, because such curves are orchnarily 
used by engine builders in their work, and a diagram based on such curves will 
be more useful to them than one where the curves are constructed according 
to a more exact law. 

In cases where there is a considerable loss of pressure betwetm the boiler 
and the engine, as where steam is transmitted from a central plant to a num¬ 
ber of consumers, the pressure of the steam in the supply main should be used 
in place of the boiler pressure in constructing the diagrams. 

The method of determining the diagram factor is best shown by referring 
to Figs. 497 to 500, which apply to a simple non-condensing engine, a simple 
condensing engine, and a compound condensing engine. 

In Fig. 497 RS represents the volume of steam at boiler pressure admitted 
to the cylinder, PR and OS being hyperbolic curves drawn through the com¬ 
pression and cut-off points respectively. In Fig. 498 the factor is the proportion 
borne by the area of the actual diagram to that of the diagram CNBSK. In 
Fig. 499 the factor is the proportion borne to the area of the diagram CNBSK. 
In Fig. 500 the factor is the proportion borne by the area of the two combined 
diagrams to the area CNHSK. In Fig. 498, wlbere the diagramls the same as 
in Fig. 497, the distance CN is laid off equal to RS shown in Fig. 497, and the 
curve NB is a hyperbola referred to the zero lines CM and MJ. In Fig. 499 
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the distance CN is found in a similar way. In Fig. 500 the distance CN for 
the high-pressure cylinder is found in Uie same manner as in the case of a 
simple engine. The mean effective pressure of the ideal diagram can readily 
be obtained from the formula 

^(i+Hyp. Log. R.) - (1) 

where P is the absolute pressure of the steam in the boiler, R the ratio > 

and p the pressure of the atmosphere or in the condenser. 

XXL Standards of Economy and Efficiency. — The hourly consump¬ 
tion of heat, determined by employing the actual temperature of the feed 
water to the boiler, as pointed out in Article IX of the Code, divided by the 
indicated and brake horse power, that is, the number of heat units consumed 
per indicated and per brake horse power per hour, arc the standards of 
engine efficiency recommended by the Committee. The consumption per 
hour is chosen rather than the consumption per minute, so as to con¬ 
form with the designation of time applied to the more familiar units of 
coal and water measurement, which have heretofore been used. The Brit¬ 
ish stantlard, where the temperature of the feed water is taken as that 
corresponding to the temperature of the back-pressure steam, allowance 
being made for any drips from jackets or reheaters, is also included in the 
tables. 

It is useful in this connection to express the efficiency in its more scientific 
form, or what is called the thermal efficiency ratio.” The thermal effi¬ 
ciency ratio is the proportion which the heat equivalent of the |X)wer dev^el- 
oped bears to the total amount of heat actually consumed, as detennined by 
test. The heat converted into work represented by one horse power is 
i,c)So,ooo foot-pounds f>er hour, and this divided by 77H equals 2545 B.t.u, 
Consequently, the thermal efficiency ratio is expressed by the fraction 

_2545_ 

B.t.u. per H P. per hour 

Memoranda Regarding the British Standard. — The principal objec¬ 
tion which the Committee has to the use of the British standard of engine 
economy for the leading place is as follows: 

The practical utility of an engine depends almost wholly upon the fact 
that it is used for some form of industrial work, and, in combination with a 
boiler and various appurtenances, it is a part of a complete power plant. 
Were it not for the unreliable character of coal and other fuels, the proper 
standard of economy for such an engine, with a boiler of given efficiency, 
would be the fuel consumed, because fuel is, in reality, the source of the power, 
and this is the most important thing to be supplied in operating the engine. 
The use of a standard of heat units in place of fuel meets the objection¬ 
able diaracteristics of coal due to its heat variability, and in doing this it 
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makes no change in tlic conditions nnder which the standard should be 
employed. These are the actual conditions of use, and not the ideal 
conditions. The British method furnishes a means of determining and 
stating the ideal performance of an engine working under assumed condi* 
tions. It docs not give the pcrformiincc of the entire engine plant under 
the actual conditions as affected by the efficiency of the heaters and auxili¬ 
aries, and the performance under such conditions is usually of the greatest 
importance. 

The advantages in favor of the British standard arc as follows: 

1. It expresses the economy of the engine as an independent machine, 
unaffected by the failings of the feed-water heater or condenser. 

2. In this form it is useful for expressing the economy of an engine in the 
testing shop of an engine builder, or in the mechanical laboratory of a college, 
where it forms no part of a power plant. 

3. A comparison of the British standard with the economy of an ideal 
engine working between the same limits of temperature reveals those losses 
going on which arc due to the engine alone, and this furnishes information 
not otherwise obtained. 

The arrangement of the various forms used in stating the efficiency, as 
proposi^d by the Committee, gives due weight to both of these standards, 
placing the one in the lead which is regarded as the most important. 

XXII. Heat Analysis. — For certain scientific investigations it is useful 
to make a heat analysis of the diagram, to show the interchange of heat from 
steam to cylinder walls, etc., which is going on within the cylinder. This is 
unnecessary for commercial tests. 

For details of the method of carrying out such heal analysis, see Art, 
365, p. 799 of this book. 

XXIII. TEMPERATTjRE-ENTfiOPY DIAGRAM. — For method of drawing such 
a diagram and explanation of what it shows, see Art. 354, p. 670, 

XXIV. RA'no OF Economy of an Engine to that of an Ideal Engine. 
— The ideal engine recommended for obtaining this ratio is that which w^as 
adopted by the Committee appointed by the Civil Engineers of London to 
consider and report a standard thermal efficiency for steam engine.s. This 
engine is one which follows the Rankine cycle, where steam at a constant 
pressure is admitted into the cylinder with no clearance, and, after the point 
of cut-off, is expanded adiabatically to the back pressure. In obtaining the 
economy of this engine the feed water is as.sumed to be returned to the boiler 
at the exhaust temperature. Such a cycle is preferable to the Carnot for 
the purpose at hand, because the Carnot cycle is theoretically impossible 
for an engine using superheated steam produced at a constant pressure, 
and the gain in efficiency for superheated steam corresponding to the 
Carnot efficiency will be much greater than that possible for the actual 
cycle. 

The ratio of the economy of an engine to that of the ideal engine is obtained 
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by dividing the heat consumption per indicated horse power per minute for 
the ideal engine by that of the actual engine.* 

XXV. Miscellaneous. — In the case of tests of combined engines and 
boiler plants, where the full data of the boiler performance is to be deter¬ 
mined, reference should be made to the directions given by the Boiler Test 
Committee of the Society, Code of 1809. (See Chap. XVII of this book.) 

In tests made for scientihe research, and in those made on special forms of 
engines, the line of^procedure must be varied according to the special objects 
in view, and it has been deemed unnecessary to go into particulars applying to 
such tests 

In testing steam pumping engines and locomotives in accordance with the 
standard methods of conducting such tests, recommended by the committees 
of the Society, reference should be made to the reports of those committees 
in the Transaclioas/' (Sec also pages following). 

XXVL Report of Test. — The data and results of the test should be 
reported in the manner and in the order outlined in one of the following tables, 
the first of which gives, it is hoped, a complete summary of all the data and 
results as applied not only to the standard heat-unit test, but also to tests 
of combined engine and boiler for determining all questions of performance, 
whatever the class of service; the second refers to a short form of report giving 
the necessary data and results for the standard heat test; and the third to a 

* The Code gives means of computing the heat consumption of the ideal cycle 
described, reproducing a set of <urves from the Minutes of the Proceedings of the 
Civil Engineers of l.ondon. It is not thought necessary to reproduce this here, CvSpe- 
cially .since the Mollier Diagram, Fig. 245, gives practically the same information, 
basni upon later data. 

show the method of using the Mollier chart, take the following examples: 

Steam pressure 135 l])s. abs,; hack pressure 15 lb$. abs. Assume steam dry and 
saturalcii at cut-off. The (hart sbo^s that the heat content of the steam at the 
higher pressure is jk; 3 B.t.u. After adiabatic (iscntropic) expansion to 15 lbs., the 
heat content is 1031 B.1 u. Out of each |>ouml c^f steam, — 1031 ~ 162 B.t.u. 
an‘ therefore convert(sl into work. The number of pounds of steam reciuired per 
I.H.P. hour, when operating on the ideal cycle, will then be VW 15 71 lbs., and the 
heat consumption of the ideal engine i)er I.H.P. hour will then be 1193 X 15.71 
18,742 B.t.u. 

If the steam at 135 lbs. abs. pressure had been superheated to 500*^ (~ 350® of 
superheat), and expanded to 15 lbs. abs., as before, the figures would have been: 
Heat content at 135 lbs. and 500” - 1273 B.t.u.; heat content at 15 lbs. abs. = 1093 
B.t.u.; heat converted into work per {^)ound c.>f steam ^ 180 B.t.u.; steam consump¬ 
tion of ideal engine ^ H H l>ouiuls; heat consumption of ideal engine == 14.14 

X 1273 =« 18,000 B.t.u. per hour. 

The ideal cycle above outlined is by many authorities called tlie Ckmsius instead 
of the Rankine cycle. The latter is then defined as the cycle in wdiich isentropic 
expansion is not carried to back pressure as in the Clausius, but .stops at some terminal 
pressure higher than the back pressure. See the discussion on theoretical cycles, in 
Chap. XI of this book. 
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short form of report for a feed-water test. It is the intention that the tables 
should be full enough to apply to any type of engine, but where not so, or 
where special data and results are determined, additional results may be 
inserted under the appropriate headings. Although these forms are arranged 
so as to be used for expressing the principal data and results of tests of pump¬ 
ing engines and locomotives, as well as for all other classes of steam engines, 
it is not the intention that they shall supplant the forms recommended by the 
committees on Duty Trials and Locomotives, in cases where the full report 
of a test of such engines is desired. 

It is recommended that any report be supplemented by a chart in which 
the data of the test is graphically presented. 

TABLE NO. I. 

Data and Results of Steam-Engine Test. 

Arranged according to the Complete Form advised by the Engine Test Crom- 
mittee of the American Society of Mechanical Engineers. Code of 1902. 

I. Made by.of. 

on engine located at. 

to determine. 


2, Date of trial. 

5. Type of engine (simple, compound, or other raulliplc expansion; condens¬ 
ing or non-condensing). 

4. Class of engine (mill, marine, locomotive, pumping, electric, or other) .. 

5. Rated power of engine. 

6. Name of builders... 

7. Number and arrangement of cylinders of engine; how lagged; type of con¬ 

denser . 

8. Type of valves. 

g. Ty[)C of boiler... . 

10. Kind and type of auxiliaries (air, circulating, main, and feed pumps; 
jackets, heaters, etc.). 


II. Dimensions of engine . 

(a) Single or double acting ... 

(b) Cylinder dimensions: 

Bore. in. 

Stroke.ft. 

Diameter of piston rod.in. 

Diameter of tail rod. in. 


tst Cyl. ad Cyl jd Cyl 




























TESTING STEAM ENGINES AND LOCOMOTIVES 757 


ist Cyl. 2d Cyl. 3d Cyl. 

(c) Clearance in per cent of volume displaced 

by piston per stroke: 

Head end. 

Crank end. 

Average. 

(d) Surface in square feet (average).. 

Barrel of cylinder. 

Cylinder heads . 

Clearance and ports. 

Ends of piston. 

(e) Jacket surfaces or internal surfaces of cyl¬ 

inder heated by jackets, in square feet: 

Barrel of cylinder. 

Cylinder heads . 

Clearance and j)orts. 

Receiver jackets . . . . 

(/) Ratio of volume of each cylinder to volume 
of high-pressure cylinder. 

(j^) Horse“iK)wer constant for one pound mean 
effective pressure, and one revolution 
per minute ... 

12. Dimensions of boilers: 

(a) Number. . 

{b) Total grate surface . .. . q.ft 

(c) Total water-heating surface (external) . 

(d) Total steam-heating surface (external). “ 

13. Dimension of auxiliaries: 

((z) Air pump. 


(b) Circulating pump 


(r) Feed pumps 


(rf) Heaters 


14. Dimensions of condenser. 

15. Size, length, and number of turns in main steam pipe leading from the 

boiler to the engine. 

16. Give description of main features of plant, and illustrate with drawings to 

be given on an appended sheet. 
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Total QmniUieSf Time, Etc, 

17. Duration of test. hours. 

iS. Length of time engine was in motion with throttle open,. “ 

19. Length of time engine was running at normal speed... 

20. Water fed to boilers from main source of supply. lbs. 

21. Water fed from auxiliary supplies: 

(a). 

% . 

w. 

22. Total water fed to boilers from ail sources . “ 

23. Moisture in steam or superheating near throttle . .per cent or deg. 

24. Factor of correction for quality of steam, dry steam being 

unity. 

25. Total dry steam cx)nsumed for all purposes * . . lbs. 

26. Total coal as fired t. 

27. Moisture in coal. per cent. 

28. Total dry coal consumed. lbs 

29. Ash and refuse .... .. . 

30. Percentage of ash and refuse to dry coal.... per cent. 

31. Calorific value of coal by calorimeter lest per pound of dry 

coal, determined by ... calorimeter . . B.l.u. 

32. Cost of coal per ton of 2240 lbs. $ 

Hourly Quantities. 

33* Water fed from main source of supply . lbs, 

34. Water fed from auxiliary supplies: 

(a) . 

ib) . 

(c) . 

35. Total water fed to boilers per hour. . 

36. Total dry steam consumed j)er hour . ** 

37. Loss of steam and water per hour due to drips from main 

steam pipes and to leakage of plant.. . “ 

38. Net dry steam consumed per hour by engine and auxiliaries 

39. Dry steam consumed per hour: 

(a) Main cylinders. 

(b) Jackets and reheaters... 

(c) Air pump. 

* In case of superheated steam engines, determine, if practicable, the tempera¬ 
ture of the steapi in each cylinder. 

t Where an independent superheater is used, this includes coal burned in the 
superheater. 
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(d) Circulating pump... lbs. 

(e) Feed-water pump. 

(J) Other auxiliaries. 

40. Dry coal consumed per hour: 

{a) During running period. 

{b) During banking period. 

(c) Total. 

41. Injection or circulating water supplied condenser per hour. cu. ft. 


Pressures afid Temperatures (Corrected). 


42. Steam pressure at boiler by gauge. lbs. per sq. in. 

43 * Steam-pipe pressure near throttle, by gauge. 

44. Barometric pressure of atmosphere in inches of mercury ins. 

45. Pressure in first receiver by gauge ...lbs. per sq. in. 

46. Pressure in second receiver by gauge. 

47. Vacuum in condenser: 

(a) In inches of mercury. ins. 

(b) Corresponding total pressure.lbs. per sq. in. 

48. Pressure in steam jacket by gauge. 

49. Pressure in reheater by gauge . . ... 

50. Moisture in steam or superheating at boilers.p. c. or deg. F. 

51. Superheating of steam in first receiver , ... deg. Fahr. 


52. Superheating of steam in second receiver. 

53. Temperature of main supply of feed water to boilers. . .. 

54. Temperature of auxiliary supplies of feed water: 

(^). 

(h) . 

(r). 

55. Ideal feed-water temperature corresponding to the pressure 

of the steam in the exhaust pipe, allowance being made 
for heat derived from jacket or rehcater drips. 

56. Temperature of injection or circulating w^atcr entering con¬ 

denser . . 

57. Temperature of injection or circulating water leaving con¬ 

denser . . 

58. Temperature of chimney gases entering economizer. 

59. Temperature of chimney gases leaving economizer. 

60. Temperature of water entering economizer. 

61. Temperature of water leaving economizer. 

62. Temperature of air in boiler room . 

63. Temperature of air in engine room. 
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Data Relating to Beat Measurements. 

64. Heat units per pound of feed water, main supply. 

65. Heat units per pound of feed water, auadiiary supply: 

(a) . 

W . 

W .-. 

66. Heat units consumed per hour, main supply. 

67. Heat units consumed per hour, auxiliary supplies: 

(^) . 

(b) . 

w. 

68. Total heat units consumed per hour for all purposes .... 

69. Loss of heat per hour due to leakage of plant, drips, etc . 

70. Heat units consumed per hour: 

(a) By engine alone. 

(b) By auxiliaries ... . 

71. Heat units consumed per hour by the engine alone, reck¬ 

oned from temperature given in line 55,... 

Indicator Diagrams. 

ist Cyl. 

72. Commercial cut-off in per cent of stroke. 

73. Initial pressure in lbs. per sq. in. above atmos¬ 

phere . 

74. Back-pressure at mid-stroke above or below 

atmo.sphere in lbs. per sq. in. 

75. Mean effective pressure in lbs. per sq, in. 

76. Equivalent mean effective pressure in lbs. per 

sq. in.: 

{a) Referred to first cylinder... 

{b) Referred to second cylinder. 

(r) Referred to third cylinder. 

77. Pressures and percentages used in computing the 

steam accounted for by the indicator dia¬ 
grams, measured to points on the expansion 

and compression curves. 

Pressure above zero in lbs. per sq. in.: 

(a) Near cut-off. 

ib) Neir release. 

(c) Near beginning of compression. 


B.t.u. 

it 

«i 

n 

n 

tc 

(t 

a 

a 

a 

u 

n 

u 


ad Cyi. C>1 
























TESTING STEAM ENGINES AND LOCOMOTIVES 761 

i»t. Cyl. 2(1 Cyl. 3(1 Cyl. 

PcrcenUge of stroke at points where pressures 
are measured: 

(a) Near cut-off. 

(b) Near release. 

(c) Near beginning of compression. 

78. Aggregate M.E.P. in lbs. per sq. in. referred to 

each cylinder given in heading. 

79. Mean back-pressure above zero, lbs, per sq, in... 

80. Steam accounted for in lbs. per indicated horse 

power t)er hour: 

(a) Near cut-off. 

{b) Near release. 

81. Ratio of Expansion. 


82. Mean effective pressure of ideal diagram. lbs. per sq. in. 

83. Diagram factor. percent. 


Speed, 

84. Revolutions per minute. rev. 

85. Piston speed per minute. ... ft. 

86. Variation of speed between no load and full load . . . rev. 

87. riuctuation of speed on suddenly changing from full load 

to no load, measured by the increase in the revolutions 
due to the change . 

Power. 

88. Indicated horse power developed by main-engine cylinders: 

First cylinder. . H.P. 

Second cylinder. 

Third cylinder. . 

Total. ... . “ 

89. Brake H.P., electric H.P., pump H.P., or dynamo H.P , 

according to the class of engine ... 

90. Friction I.H.P. by diagrams, no load on engine, computed 


for average speed. . ** 

91. Difference between indicated H.P. and brake H.P. 

92. Percentage of indicated H.P. of main engine lost in friction. per cent. 

93. Power developed by auxiliaries: 

{a) . H.P. 

W . 

(c) . 
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Standard Efficiency Results, 

Heal units consumed by engine and auxiliaries per hour: 

(a) Per indicated horse power... B.t.u. 

(b) Per brake horse power. “ 

95. Equivalent standard coal consumed by engine and auxil¬ 
iaries per hour, assuming calorific value such that 
10,000 B.t.u. are imparted to the boiler per lb.: 


{a) Per indicated horse power. lbs. 

{b) Per brake horse power. “ 

96. Heat units consumed per minute: 

(a) Per indicated horse power. B.t.u. 

(b) Per brake horse power. 


97. Heat units consumed by engine per hour corresponding to 
ideal maximum temperature of feed water given in 
line 55, British standard: 

(a) Per indicated horse power. . . . 

(b) Per brake horse power. 


Efficiency Ratios, 

98. Thermal efficiency ratio: 

{a) Per indicated horse power. percent. 

(h) Per brake horse power. 

(^) Ratio of efficiency of engine to that of an ideal en¬ 
gine working with the Rankine cycle. 


Miscellaneous Efficiency Results."^ 

99. Dry steam consumed per indicated H.P. per hour: 


(a) Main cylinder, including jackets. lbs. 

(b) Auxiliary cylinders, etc. ‘‘ 

(c) Engine and auxiliaries. 

100. Dry steam consumed per brake H.P. per hour: 

(a) Main cylinders, including jackets. . .. lbs. 

(b) Auxiliary cylinders, etc. 

(r) Engine and auxiliaries. “ 


lor. Percentage of steam used by main-engine cylinders ac¬ 
counted for by indicator diagrams: 

1 st Cyl. ad CyJ. $d Cyl 

(a) Near cut-off. 

(b) Near release... 

* The horse power on which the above efficiency results (items 94 to 103) are 
based is that of the main engine, exclusive of auxiliaries. 
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102, Dry cool consumed by combined engine and boiler plant 

per LH.P. per hour: 

(a) During running period. lbs. 

{b) During banking period. “ 

{c) Total. 

103. Dry coal consumed by combined engine and boiler plant 

per brake H.P. per hour: 

(a) During running period. “ 

(b) During banking period. “ 

(c) Total. “ 

T04. Water evapcjrated under actual conditions per pound of 

dry coal. lbs. 

105. Equivalent evaporation from and at 212^ F. per pound of 

dry coal. 

106. Efficiency of boilers based on dry coal. percent 

107. Combined efficiency of boiler and engine plant. “ 

Additional CakiUatiom Recommended for Special Classes of Steam Engines. 
Water-pumping Engines. 

108. Duty per 1,000,000 heat units imparted to the boiler. . ft.-lbs. 

109. Duty per 1000 pounds of dry steam. 

no. Duty per 100 pounds of actual coal consumed by plant,. “ 

111. Number of gallons of water pumped in 24 hours. gais. 

Locomotives. 

112. Dynamometric horse power . H.P. 

113. ‘'Standard Coal” of 12,500 B.t.u. value consumed, per 

dynamometric H.P. per hour. lbs. 

Electric-light Engines and those Driving 
Generators for Electric Railways. 

1 14. Current. amperes. 

115. Electro-motive force. volts, 

116. Electrical power generated in watts. watts. 

117. Electrical horse power generated. H.P. 

118. EflBciency of generator. percent 

119. Heat units consumed per electrical horse power per hour B.t.u. 

T20. Dry steam consumed per electrical horse power per hour lbs. 

121. Dry coal consumed per electrical horse power per hour; 

(a) During running period. lbs, 

(b) During banking period. " 

(c) Total. 
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Additional Data, 

Add any additional data bearing on the particular objects of the test or 
relating to the special class of service for which the engine is used. Also give 
copies of indicator diagrams nearest the mean and the corresponding scales. 

TABLE NO. n. 

Data and Results oe Standard Heat Test of Steam Engine. 

Arranged according to the Short Form advised by the Engine Test Committee 
of the American Society of Mechanical Engineers. Code of £go2. 

I. Made by.•.of. 

on engine located at... 

to determine.... . . . 


2. Date of trial... 

3. Type and class of engine; also of condenser. .. 


ist Cyl ad Cyl. 3d Cyl. 

4. Dimension of main engine: 

{a) Diameter of cylinder.in, 

(i) Stroke of piston.ft. 

(c) Diameter of piston rod.in. 

(d) Average clearance.p.c. 

{e) Ratio of volume of cylinder to high-pres¬ 
sure cylinder . . 

(f) Horse-power constant for one {X)und mean 
effective pressure and one revolution per 
minute. 

5. Dimensions and type of auxiliaries... 


Total Quantitiesi Time, Etc. 

6. Duration of test. hours. 

7. Total water fed to boilers from main source of supply_ lbs. 


8. Total water fed from auxiliary supplies: 

W . 

( 6 ) ... 

ic) . 

p. Total water fed to boilers from all sources... 

10. Moisture in steam or superheating near throttle. p. c. or deg. 

11. Factor of correction for quality of steam . 

12. Total dry steam consumed for all purposes. lbs. 
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Hourly Quantities, 

13. Water fed from main source of supply. lb«. 

14. Water fed from auxiliary supplies: 

(a) . 

{h) . 

{c) . 

15. Total water fed to boilers per hour. 

16. Total dry steam consumed per hour. 

17. Loss of steam and water per hour due to drips from main 

steam pipes and to leakage of plant. 

18. Net dry steam consumed per hour by engine and auxiliaries 


Pressures a^td Temperatures {Corrected), 
ig. Pressure in steam pipe near throttle by gauge .lbs. per sq. in. 

20. Barometric pressure of atmosphere in inches of mercury.. ins. 

21. Pressure in receivers by gauge.lbs. per sq. in. 

22. Vacuum in condenser in inches of mercury. ins. 

23. Pressure in jackets and reheaters by gauge.lbs. per sq. in. 

24. Temperature of main supply of feed water. deg. Fahr. 

25. Temperature of auxiliary supplies of feed water: 

. 

W . 

(c) . 


26. Ideal feed-water temperature corresponding to pressure 

of steam in the exhaust pipe, allowance being made 
for heat derived from jacket or reheater drips. 

Data Relating to Heat Measurement, 

27. Heat units per pound of feed w^ater, main supply. 

28. Heat units per pound of feed water, auxiliary supplies: 

(a). 

{h) . 

« . • ;. 

29. Heat units consumed per hour, main supply. 

30. Heat units consumed per hour, auxiliary supplies: 

(a) . 

(h) . 

Cr) . 

31. Total heat units consumed per hour for all purposes. 

32. Loss of heat per hour due to leakage of plant, drips, etc. . 

33. Net heat units consumed per hour: 

(a) By engine alone. 

ih) By auxiliaries. 

34. Heat units consumed per hour by engine alone, reckoned 

from temperature given in line 26. 


B.t.u. 

n 

tl 

it 

a 

a 

it 

it 

i( 

a 

it 

it 

a 
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Indicator Diagrams, 

i»t Cyl. zd Cyl. 3d Cyl. 

^5. Commercial cut-off in per cent of stroke. 

36. Initial pressure in pounds per square inch above 

atmosphere. 

37. Back pressure at mid-stroke, above or below at¬ 

mosphere in pounds per square inch . 

38. Mean effective pressure in lbs, per sq. in. 

30. Equivalent mean effective pressure in lbs. per 

sq, in.:. 

{a) Referred to first cylinder. 

(b) Referred ro second cylinder . 

(c) Referred to third cylinder. 

40. Pressures and percentages used in computing 

the steam accounted for by the indicator dia¬ 
grams, measured to points on the expansion 
and compression curves. 

Pressure above zero in lbs. per sq, in.; 

{a) Near cut-off .. 

(6) Near release. 

(c) Near beginning of compression. 

Percentage of stroke at points where pressures 
are measured: 

(a) Near cut-off. 

{b) Near release .. . 

(c) Near beginning of compression 

41. Steam accounted for by indicator in pounds per 

I.H.P, per hour: 

(a) Near cut-off. 

(h) Near release... 

42. Ratio of expansion. 

Speed. 

43. Revolutions oer minute. rev. 

Power. 

44. Indicated horse power developed by main-engine cylinders: 

First cylinder . .. H.P. 

Second cylinder. 

Third cylinder. . “ 

Total. . 

4$. Brake horse power developed by engine. 
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Standard Efficiency and other Results^ 

46. Heat units consumed by engine auxiliaries per hour: 

(a) Per indicated horse power. 

(b) per brake horse power. 

47. Equivalent standard coal in lbs. per hour: 

(а) Per indicated horse power. 

(б) Per brake horse power. 

4S. Heat units consumed by main engine per hour correspond¬ 
ing to ideal maximum temperature of feed water given 
in line 26, British standard: 

(a) Per indicated horse power. 

(/>) Per brake horse power , . ... 

49. Dry steiim consumed per indiciited horse power per hour: 

(a) Main cylinders including jackets. 

{h} Auxiliary cylinders . . 

(r) Engine and auxiliaries . 

50. Dry sleam consumed per brake horse power per hour: 

(a) Main cylinders including jackets. 

(h) Auxiliary' cylinders . . 

(c) Engines and auxiliaries . . 

51. Percentage of steam used by main-engine cylinders ac¬ 

counted for by indicator diagrams, near cut-off of high- 
pressure cylinder ... . 


B.tu. 

(t 


lbs. 


B.l.u. 


lbs. 

a 


c< 

u 


a 


per cent. 


Additional Data, 

Add any additional data bearing on the particular objects of the test or 
relating to the special class of service for which the engine is us€‘d. Also give 
copies of indicator diagrams nearest the mean, and the corresponding scales. 


TABLE NO IIL 

Data and Results of Feed water Test of Steam Engine. 

Arranged according to the Short Form advised by the Engine Test Committee 
of the American Society of Mechanical Engineers. Code of 1902. 

I. Made by. of . 

on engine located at.. . 

to determine . 


* The horse fK»wer referred to above (items 4^-50) is that of the main engine, 
exclusive of auxiliaries. 
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2, Date of trial. 

3. Type of eiigme (simple, compound, or other multiple expansion; condens¬ 

ing or non-condensing). 


4. Class of engine (mill, marine, locomotive, pumping, electric, or other)_ 

5. Rated power of engine. 

6. Name of builders. 

7. Number and arrangement of cylinders of engine; how lagged; type of 

valves and of condensers. 


8. Dimensions of engine. 

(a) Single or double acting. 

{h) Cylinder dimensions: 

Bore.in. 

Stroke. ft. 

Diameter of piston rod. in. 

Diameter of tail rod.in. 


(c) Clearance in per cent of volume displaced 

by piston per stroke: 

Head end .. . 

Crank end. 

Average. . 

(d) Ratio of volume of each cylinder to volume 

of high-pressure cylinder 

(e) Horse-power constant for one pound mean 

effective pressure, and one revolution 
per minute. 


1st Cyl. 3d Cyl jd Cyl 


Total Quantities^ Time, Etc. 

9. Duration of test... . ... hours. 

10. Water fed to boilers from main source of supply. lbs. 

11. Water fed from auxiliary supplies: 

(a) . 

ih) . 

(c) . 

12. Total water fed from all sources. 


13. Moisture in steam or superheating near throttle . p. c. or deg. 

14. Factor of correction for quality of steam. 

15. Total dry steam consumed for all purposes. ... ... lbs. 


* In case of superheated steam engines, determine, if practicable, the temperature 
of the steam in each cylinder. 


































x6. 


18. 

19. 

20. 


21. 


22. 


24. 


25 ‘ 

26. 


-27. 


28, 

29. 
30 - 


31 - 


32. 


33 * 


34 - 


35 * 

36. 
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Hourly Quantitks. 

Water fed from main source oi supply. 

Water fed from auxiliary supplies: 

(p) . 

Q>) . 

io) . 

Total water fed to boilers per hour . 

Total dry steam consumed per hour. 

Loss of steam and water per hour due to leakage of plant, 

drips, etc. 

Net dry steam consumed per hour by engine and auxiliaries 
Dry steam consumed per hour: 

(a) Main cylinders. 

{h) Jackets and reheaters. 

Pressures and Temperatures {Corrected). 


Steam~pipe pressure near throttle, by gauge.lbs. per sq. in. 

Barometric pressure of atmosphere in inches of mercury . ins. 

Pressure in first receiver by gauge . .lbs. per sq. in. 

Pressure in second receiver by gauge. 

Vacuum in condenser: 

(a) In inches of mercury. ins. 

(b) Corresponding total pressure.lbs. per sq. in. 

Pressure in steam jackets by gauge . . . 

Pressure in rehcater by gauge . .... 

Superheating of steam in first receiver .deg, Fahr 

Superheating of steam in second receiver. ** 


lbs. 

u 

n 

it 

u 

n 

n 

n 

Li 


Indicator Diagrams, 

Commercial cut-off in per cent of stroke 
Initial pressure in lbs. per sq. in. above atmos¬ 
phere . . 

Back-pressure at mid-stroke above or below at¬ 
mosphere in lbs, per sq. in. ... 

Mean effective pressure in lbs. per sq, in. 

Equivalent mean effective pressure in lbs. per sq. 
in. per indicated H.P: 

(a) Referred to first cylinder . . . 

(&) Referred to second cylinder ... 

(c) Referred to third cylinder. 


1st Cyl ad Cyl. sA Cyl. 














770 


EXPERIMENTAL ENGINEERING 


i8t Cyl. 2d Cyi. jd Cyl. 

37. Pressures and percentages used in computing the 

steam accounted for by the indicator dia¬ 
grams, measured to points on the expansion 

and compression curves. 

Pressures above zero in lbs. per sq. in,: 

{a) Near cut-off... 

{h) Near release. 

(c) Near beginning of compression 
Percentage of stroke at points where pressures are 

measured: 

(a) Near cut-off. 

(d) Near release. 

(c) Near beginning of compression. 

38. Aggregate M.E.P. in lbs. per sq. in. referred to 

each cylinder given in heading. 

39. Mean back-pressure above zero, lbs. per sq. in... 

40. Steam accounted for in lbs. per indicated horse 

power per hour: 

(a) Near cut-off . ... 

(b) Near release . 

41. Ratio of expansion: 

(a) Commercial. . 

(b) Ideal. . 

Speed. 

42. Revolutions per minute . ... rev. 

43. Piston speed per minute . ft. 

Power. 

44. Indicated horse power developed by main engine cylinders: 

First cylinder. ... . H.P. 

Second cylinder ... . 

Third cylinder. . “ 

Total. 

Efficiency Results. 

45. Dry steam consumed per indicated H.P. per hour: 

(a) Main cylinder, including jackets . lbs. 

(h) Auxiliary cylinders, etc. 

(c) Engine and auxiliaries . ** 
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46. Percentage of steam used by main engine cylinders ac¬ 
counted for by indicator diagrams: 

lat Cyt ad Cyl. 3d Cyl. 

(a) Near cut-off. 

(b) Near release... 

Sample Diagrams. 

Copies of indicator diagrams, nearest the mean, with corresponding scales, 
should be given in connection with table. 

DEPARTMENT OF EXPERIMENTAL ENGINEERING, SIBLEY 

aiLLEGE. 

JACKET STEAM, DATA AND RESULT 

Test of Enpne built by . 

Tcstcd at, . Dale . 



Cu Ft, 
Per Hr. 

Temp. ' 

I 1 

Wt Per 
|Cu Ft. 

1 

Weight 
Per Hr 

Measurements made by 

High-pressure Cylinder . 

Intermediate 

Low-pressure ** . . . 


1 

t 


Engine tested by 

First Receiver . 






Second Receiver. . 


1 




Total ... . ‘ 







II. P, Cylinder First Receiver | Int, Cylinder. | Second Receiver. L P Cylinder. 
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In exbaui^ cylinder. 
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363. The Testing of Pumping Exigines (Steam Pumps). — Con¬ 
sidering a pumping engine merely as a steam engine, in which the 
useful work is represented by the water pumped against certain re¬ 
sistances, it wall be seen that there should be no great difference 
between the methods of testing employed for the two types of engine, 
at least as far as the steam end of the plant is concerned. To deter¬ 
mine the useful performance of the pump, certain measurements 
in connection with the pump cylinders become necessary. These 
should include the taking of indicator cards, to determine the 
water horse power, the measurement of the water pumped, and of 
the suction and discharge heads, and the determination of slip or 
leakage of plungers and valves. 

The method of taking indicator cards from the pump cylinders 
is the same as for steam cylinders (see Chapter XV), and the water 
horse power is determined by the same method of computation. 
The ratio between the water horse power and the I.H.P. of the 
steam cylinders may be considered as representing the mechanical 
efficiency of the pump. 

The total head h pumped against is equal to the sum of the 
following heads; 


L 2g J 


feet. 


in which 

hi = discharge head. This is usually measured by 
connecting a gauge to the discharge main close to 
the pump. 

h, = suction head. Usually measured by connecting a 
gauge or mercury manometer to the suction main 
close to the pump. The usual case is to have 
the pump lift the liquid. In that case h, must be 
considered negative and this factor in the equa¬ 
tion then becomes —(—h,) = +h,. 

hi = the vertical distance in feet between the discharge 
and suction gauges, or between the center of the 
discharge gauge and the point of attachment of 
the mercury manometer. 
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Va and Vt are the velocities in feet per second in the 
discharge and suction mains respectively at the 
points of gauge connection. If the suction and 
discharge mains are of the same size, this factor 
of course cancels out. 

The total head pumped against in connection with the weight 
of water pumped, determines the foot-pounds of useful work done 
by the prnnp. 

The determination of the actual amount of water pumped (pump 
delivery *) can rarely be done by direct weighing, on account of the 
quantity usually invohed, but must in nearly all cases be done 
by some indirect means. For this purpose weirs, nozzles, and 
Venturi meters have all been proiK)sed and used. The Committee, 
how'ever, recommends the method of using the plunger displace¬ 
ment corrected for leakage (slip) of plungers and valves, on the 
ground that the use of the other schemes mentioned involves the 
assumption of coefficients which may make them no more accu¬ 
rate than the method recommended. The latter certainly has the 
advantage of great simplicity. For directions concerning the 
determination of leakage, see the provisions of the Code. 

The term duty is often used as an efficiency standard in con¬ 
nection with pumping machinery. It refers to the number of 
foot-j)ounds of work done by a pump for a certain energy quantity 
supplied to the machine. Thus we speak of duly per 100 pounds 
of coal, or duty per 1000 pounds of steam, or duty per 1,000,000 
B.t.u. The Committee recommends the use of the term duty in 
connection with the heat-unit ba.sis stated in preference to the 
first two definitions given, for the reason that 100 pounds of coal 
may mean very different quantities of heat supply for different 
parts of the country, and 1000 pounds of steam will represent dif¬ 
ferent heat quantities, depending upon the conditions of the steam. 
The 1,000,000 B.t.u. basis, on the other hand, is a fixed basis. How 
the total heat supply to the engine is to be computed is shown in 
the following formulas, which show the method of computation 
for the principal results for a steam-pump test. These are quoted 
directly from the Code. 

* A distinction should be made here between capacity and delivery. The former 
Is always based on plunger displacement. 
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I. Duty = 


Foot-pounds of work done 
Total number of heat units consumed 


X 1,000,000 


Am X 1,000,000 (foot-pounds). 
a 


3. Percentage of leakage 
3. Capacity 


C X 144 


X 100 (per cent). 


A XLXN 

number of gallons of water discharged in 24 hours 

_ A XL XN X 7 4S0 5 X 24 
Z) X 144 

. ^ -. xx . xjyx ,, ^ , 24 6 7 i 

4. Percentage of total frictions 

/ l(P±j>+2)XLX AT I 


J.H.P. 


D X to X 33.000 


I.H.P. 


X 100 


. r, _ x , L x j y-i 

L A. X M.E.P. XL,XNJ^ ^ ’ 

or, in the usual case, where the length of the stroke and number of strokes of 
the plunger are the same as that of the steam-piston, this last formula becomes: 

Percentage of total frictions = |^i - x loo (per cent). 


In these fonnulas the letters refer to the following quantities: 

A == Area, in square inches, of pump plunger or piston, corrected for area 
of piston-rod. (When one rod is used at one end only, the correc¬ 
tion is one-half the area of the rod. If there is more than one 
rod, the correction is multiplied accordingly.) 

P =« Pressure, in pounds per square inch, indicated by the gauge on the 
force main. 

p ass Pressure, in pounds per square inch, corresponding to indication of 
the vacuum gauge on suction main for pressure gauge, if the 
suction pipe is under a head). The indication of the vacuum 
gauge, in inches of mercury, may be converted into pounds by 
dividing it by 2.035. 

$ ^ Pressure, in pounds per square inch, corresponding to distance be¬ 
tween the centers of the two gauges. The computation for this 
pressure is made by multipl)n[ng the distance, expressed in feet, 
by the weight of one cubic foot of water at the temperature of 
the pump well, and dividing the product by 144 

L « Average length of stroke of pump plunger, in feet. 

N « Total number of single strokes of pump plunger made during the 
trial. 
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A* » Area of steam cylinder, in square inches, corrected for area of 
piston-rod* The quantity A« X M,E.P, in an engine having more 
than one cylinder is the sum of the various quantities relating to 
the respective cylinders. 

L# « Average length of stroke of steam piston, in feet. 

Nm ^ Total number of single strokes of steam piston during trial. 

M.E,P. » Average mean effective pressure, in pounds per square inch, meas¬ 
ured from the indicator-diagrams taken from the steam cylinder. 
l.H,P. « Indicated horse power developed by the steam cylinder. 

C Total number of cubic feet of water which leaked by the pump 
plunger during the trial, estimated from the results of the leakage 
test. 

D « Duration of trial, in hours, 

H * Total number of heat units [B.t.u.] consumed by engine = weight 
of water supplied to boiler by main feed-pump X total heat of 
steam of boiler pressure reckoned from temperature of main 
feed-water -f weight of water supplied by jacket-pump X total 
heat of steam of boiler pressure reckoned from temperature of 
jacket-water 4 - weight of any other water supplied X total heat 
of steam reckoned from its temperature of supply. The total 
heat of the steam is corrected for the moisture or sui>erheat 
which the steam may contain. For moisture the correction is 
subtracted, and is found by multiplying the latent heat of the 
steam by the percentage of moisture, and dividing the product 
by 100. For superheat, the correction is added, and is found by 
multiplying the number of degrees of superheating (i.e., the 
excess of the temperature of the steam above the normal tem¬ 
perature of saturated steam) by the specific heat. No allow¬ 
ance is made for heat added to the feed-water, which is derived 
from any source, except the engine or some accessory of the en¬ 
gine Heat added to the water by the use of a flue heater at the 
boiler is not to be deducted Should beat be abstracted from the 
flue by means of a steam reheater connected with the interme¬ 
diate receiver of the engine, this heat must be included in the 
total quantity supplied by the boiler. 

STANDARD METHOD OF CONDUCTING DUTY TRIALS OF 
PUMPING ENGINES. 

I. Test oe Feed-water Temperatxtres. 

The plant is subjected to a preliminary run, under the conditions deter- 
mined upon for the test, lor a period of three hours, at such a time as is neces¬ 
sary to find the temperature of the feed-water (or the several temperatures, if 
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there is more than one supply) for use in the calculation of the duty* During 
this test observations of the temperature are made every fifteen minutes. 
Frequent observations are also made of the speed, length of stroke, indication 
of water-pressure gauges, and other instruments, so as to have a record of the 
general conditions under which this test is made 

DIRECTIONS FOR OBTAINING FEED-WATER ILMPERATXJRES. 

When the feed-water is all supplied by one feeding instrument, the tempera¬ 
ture to be found is that of the water in the feed-pipe near the point where it 
enters the boiler. If the water is fed by an injector this temperature is to be 
corrected for the heat added to the water by the injector, and for this pur[)ose 
the temperatures of the water entering and of that leaving the injector are 
both observed. If the water does not pass through a heater on its way to the 
boiler (that is, that form of heater which depends upon the rejected heat of 
the engine, such as that contained in the exhaust steam either of the main 
cylinders or of the auxiliary pumps) it is sufficient, for practical purposes, to 
take the temperature of the water at the source of supply, whether the feeding 
instrument is a pump or an injector. 

When there are two independent sources of feccl-w^ater supply, one the main 
supply from the hot well, or from some other source, and the other an auxiliary 
Supply derived from the water condensed in the jackets of the main engine 
and in the live-steam reheater, if one be used, they are to be treated inde¬ 
pendently, The remarks already made apply to the first, or mam, supply. 
The temperature of the auxiliary supply, if carried by an independent pipe 
either direct to the boiler or to the main feed-pipe near the boiler, is to be 
taken at a convenient point in the independent pipe. 

When a separator is xised in the main steam-pipe, arranged so as to dis¬ 
charge the entrained water back into the boiler by gravity, no account need 
be made of the temperature of the water thus returned. Should it discharge 
either into the atmosphere to waste, to the hot well, or to the jacket tank, its 
temperature is to be determined at the point where the water leaves the sepa¬ 
rator before its pressure is reduced. 

When a separator is used, and it drains by gravity into the jacket tank, 
this tank being subjected to boiler pressure, the temperatures of the separator 
water and jacket water are each to be taken before their entrance to the tank. 

Should there be any other independent supply of water, the temperature 
of that is also to be taken on this preliminary test. 

DIRECnONS FOR MEASTOEMENT OF FEED-WATER. 

As soon as the feed-water temperatures have been obtained the engine is 
stopped, and the necessary apparatus arranged for determining the weight of 
the feed-water consumed, or of the various supplies of feed-water/ Jf there is 
more than one. 
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In order that the main supply of feed-water may be measured, it will gen¬ 
erally be found desirable to draw it from the cold-water service main. The 
best form of apparatus for weighing the water consists of two tanks, one of 
which rests upon a platform scale supported by staging, while the other is 
placed underneath. The water is drawn from the service main into the upper 
tank, where it is weighed, and it is then emptied into the lower tank. The 
lower tank serves as a reservoir, and to this the suction-pipe of the feeding 
apparatus is connected. 

The jacket water may be measured by using a pair of small barrels, one 
being tilled while the other is being weighed and emptied. This water, after 
being measured, may be thrown away, the loss being made up by the main 
feed pump. To prevent eva]x>ration from the water, and consequent loss on 
account of its highly heated condition, each barrel should be partially filled 
with cold water previous to using it for collecting the jacket water, and the 
weight of this water treated as tare. 

When the jacket water drains back by gravity to the boiler, waste of live 
steam during the weighing should be prevented by providing a small vertical 
chamlxT, and conducting the water into this receptacle before its 
escape. A glass water-gauge is attached so as to show the height 
of water insifie the chamber, and this serves as a guide in regu¬ 
lating the discharge valve. The chamber maybe made of piping 
in the manner shown in the a[)pemled figure (501) . 

When the jacket water is returned to the boiler by means of 
a pump, the discharge valve should be throttled during the test, 
so that the pump may work against its usual pressure; that is, 
the boiler pressure as nearly as may be, a gauge being attached 
to the discharge pipe for this purpose. 

When a separator is used and the entrained water discharges 
either to waste, to the hot well, or to the jacket tank, the weight 
of this water is to be determined, the water being draA\n into 
barrels in the manner pointed out for measuring the jacket water. 

Except in the case where the separator discharges into the jacket 
tank, the entrained water thus found is treated, in the calculations, in the 
same manner as moisture shown by the calorimeter test. \A^en it discharges 
into the jacket tank, its weight is simply subtracted from the total weight 
of water fed, and allow^ance made for heat of this water lost by radiation 
between separator and tank. 

When the jackets are drained by a trap, and the condensed water goes 
either to waste or to the hot well, the determination of the quantity used is 
not necessary to the main object of the duty trial, because the main feed¬ 
pump in such cases supplies all the feed-water. For the sake of having com 
pletc data, however it is desirable that this water be measured, whatever the 
ftse to which it is applied. 





Fig. 501. 
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Should live steam be used for reheating the steam in the intermediate 
receiver, it is desirable to separate this from the jacket steam, if it drains into 
the same tank, and measure it independently. This, likewise, is not essential 
to the main object of the duty trial, though useful for purposes of information. 

The remarks as to the maimer of preventing losses of live steam and of 
evaporation, in the measurement of jacket water, apply to the measurement 
of any other hot water under pressure which may be used for feed-water. 

Should there be any other independent supply of water to the boiler besides 
those named, its quantity is to be determined independently, apparatus for 
all these measurements being set up during the interval between the prelim¬ 
inary run and the main trial, when the plant is idle. 


2. The Main Duty Trial. 


The duty trial is here assumed to apply to a complete plant, embracing 
a test of the performance of the boiler as well as that of the engine The 
test of the two will go on simultaneously after both are started, but the boiler 
test will begin a short time in advance of the beginning of the engine test, 
and continue a short time after the engine test is hmshed The mode of 
procedure is as follows: 

The plant having been worked for a suitable time under normal conditions, 
the fire is burned down to a low point and the engme brought to rest. The 
fire remaining on the grate is then quickly hauled, the furnace cleaned, and the 
refuse withdrawn from the ash pit The boiler test is now started, and this test 
is made in accordance with the rules for a standard method recomtnended by the 
Committee on Boiler Tests of the American Society of Mechanical Isngineers * 
This method, briefly described, consists in starting the test with a new fire 
lighted with wood, the boiler having previously been heated to its normal 
working degree; operating the boiler in accordance with the conditions deter¬ 
mined upon, weighing coal, ashes, and feed-water, observing the draught, 
temperatures of feed-water and escaping gases, and such other data as may be 
incidentally desired; determining the quantity of moisture in the coal and in 
the steam; and at the close of the test hauling the fire, and deducting from the 
weight of coal fired whatever unbumed coal is contained in the refuse with¬ 
drawn from the furnace, the quantity of water in the boiler and the steam 
pressure being the same as at the time of lighting the fire at the begiiming of 
the test. 

Previous to the close of the test i|t is desirable that the fire should be burned 
down to a low point, so that the unbumed coal withdrawn may be in a nearly 
consumed state. The temperature of the feed-water is obsen^ed at the point 
where the water leaves the engine heator, if this be used, or at the point where 
it euias the heateti if that apparatus be employed. Where Ip inlector 

^ also d#. XV&) ' 
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is used tor supplying the water, a deduction is to be made in either case for 
the increased temperature of the water derived from the steam which it 
consumes. 

As soon after the beginning of the boiler test as practicable the engine is 
started and preparations are made for the beginning of the engine test. The 
formal beginning of this test is delayed till the plant is again in normal work¬ 
ing condition, which should not be over one hour after the time of lighting 
the fire. When the time for beginning arrives the feed-water is momentarily 
shut off, and the water in the lower tank is brought to a mark. Obser¬ 
vations are then made of the number of tanks of water thus far supplied, the 
height of water in the gauge-glass of the boiler, the indication of the counter 
on the engine, and the time of day, after which the supply of feed-water is 
renewed, and the regular observations of the test, including the measurement 
of the auxiliary supplies of feed-water, are begun. 

The engine test is to continue at least ten hours. 

At its expiration the feed-pump Ls again momen¬ 
tarily stopped, care having been taken to have the 
water slightly higher than at the start, and the 
water in the lower tank is brought to the mark. 

When the water in the gauge-glass has settled to 
the point which it occupied at the beginning, the 
time of day and the indication of the counter are 
observed, together with the number of tanks of 
water thus far supplied, and the engine test is 
held to be finished. The engine continues to run 
after this time till the fire reaches a condition for 
hauling, and completing the boiler test. It is 
then stopped, and the final observations relating 
to the boiler lest are taken. 

The observations to be made and data ob¬ 
tained for the purposes of the engine test, or duty 502. — Method of Os- 
trial proper, embrace the weight of feed-water gaining Steady Gauge 

supplied by the mam feeding apparatus, that of 

the water drained from the Jackets, and any other water which is ordinarily 
supplied to the boiler, determined in the manner pointed out. They also 
embrace the number of hours duration, and number of single strokes of the 
pump during the test; and, in direct-acting engines, the length of the stroke; 
together with the indications of the gauges attached to the force and suction 
mains, and indicator-diagrams from the steam cylinders. It is desirable that 
pump diagrams also be obtained. 

Observations of the length of stroke, in the case of direct-acting engines, 
should be made every five minutes; observations of tiie water-pressure gauges 
every fiftesen minutes; observations of the remaining instruments, such as 
iteam gauge, vacuum gauge, thermometer in pump well, thermometer in 



& « 
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feed-pipe, thermometer showing temperature of engine room, boiler room, and 
outside air, thermometer in flue, thermometer in steam pipe, if the boiler has 
steam-heating surface, barometer, and other instruments which may be used, 
every half-hour. Indicator-diagrams should be taken every half-hour. 

When the duty trial embraces simply a test of the engine, apart from the 
boiler, the course of procedure will be the same as that described, excepting 
that the fires will not be hauled, and the special observations relating to the 
performance of the boiler will not be taken. 


DIRECTIONS REGARDING ARR/iNGEMENT AND USE OF INSTRUMENTS, AND OTHER 
PROVISIONS FOR THE TEST. 

The gauge attached to the force main is liable to a considerable amount of 
fluctuation unless the gauge-cock is nearly closed. The practice of choking 
the cock is objectionable. The difficulty may he satisfactorily overcome, and 
a nearly steady indication secured, wdth cock wide open, if a small reservoir 
having an air-chamber is interposed between the gauge and the force main, in 
the manner shown in the appended figure (502). By means of a gauge-glass on 
the side of the chamber and an air-valve, the average water-level may be 
adjusted to the height of the center of the gauge, and correction for this element 
of variation Is avoided. If not thus adjusted, the reading is to be referred to 
the level shown, whatever this may be. 

To determine the length of stroke in the case of direct-acting engines, a 
scale should be securely fastened to the frame which connects the steam and 
water cylinders, In a [X)sition parallel to the piston-rod, and a ixyinter attached 
to the rod so as to move back and forth over the graduations on the scale. 
The marks on the scale, w^hich the pointer reaches at the two ends of the 
stroke, are thus readily observed, and the distance moved over computed. 
If the length of the stroke can be determined l)y the use of some form of regis¬ 
tering apparatus, such a method of measurement is [ireferred. The personal 
errors in observing the exact marks, which arc liable to creep in, may thereby 
be avoided. 

The form of calorimeter to be used for testing the quality of the steam is 
left to the decision of the person who conducts the trial. It is preferred that 
some form of continuous calorimeter be used, which acts directly on the mois¬ 
ture tested. If either the superheating calorimeter* or the wire-drawingf 
instrument be employed, the steam which it discharges is to be measured 
cither by numerous short trials, made by condensing it in a barrel of water 
previously w^eighed, thereby obtaining the rate by which it is discharged, or 
by passing it through a surface condenser of some simple construction, and 

* Vol Vn, p. 178, 1886, Trans A. S, M. E. 

t Vol. XT, p. ygi, 1890, Transaction*; A. S. M E (Paper on “A Universal Calo¬ 
rimeter,*^ May, 1890.) (See Chap. XIV.) 
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measuring the whole quantity consumed. When neither of these instruments 
is at hand, and dependence must be placed upon the barrel calorimeter, scales 
should be used which are sensitive to a change in weight of a small frao 
tion of a pound, and thermometers which may be read to tenths of a degree. 
The pipe which supplies the C'alorimeter should be thoroughly warmed and 
drained just previous to each test. In making the c^ilctilations the specific 
heat of the material of the barrel or tank should be taken into account, whether 
this be of metal or of wood. 

If the steam is superheated, or if the boiler is provided with steam-heating 
surface, tlie temperature of the steam is to be taken by means of a high-grade 
thermometer resting in a cup holding oil or mercury, which is screwed into the 
steam pipe so as to be surrounded by the current of steam. The temperature 
of the feed-water is preferably taken by means of a cup screwed into the feed¬ 
pipe in the same manner. 

Indicator pipes and connections used for the water cylinders should be of 
ample size, and, as far as possible, free from bends. Three-quarter-inch pipes 
are {)rcferred, and the indicators should be attached one at each end of the 
cylinder. It should he remembered that indicator springs which are correct 
under steam heat are erroneous when used for cold water. When such springs 
are used, the actual scale should be determined, if calculations are made of 
the indicated work done in the water cylinders. The saile of steam springs 
should be determined by a comparison, under steam pressure, with an accurate 
steam gauge at the time of the trial, and that of water springs by cold dead¬ 
weight test. 

The accuracy of all the gauges should be carefully veritied by comparison 
with a reliable mercury column.* Similar verilication should be made of the 
thermometers, and if no standard is at hand, they should be tested in boiling 
water and melting ice. 

To avoid errors in conducting the test, due to leakage of stop-valves cither 
on the steam pipes, feed-water pipes, or blow-off pipes, all these pipes not 
concerned in the operation of the plant under test should be disconnected. 


3. Leakagl Test of Pump. 

As soon as practicable after the completion of the main trial (or at some 
time immediately preceding the trial), the engine is brought to rest, and the 
rate determined at which leakage takes place through the plunger and valves 
of the pump, when these are subjected to the full pressure of the force main. 

The leakage of an inside plunger [the oril}'' type which requires testing] is 
most satisfactorily determined by making the lest wuth the cylinder head 

* Author’s Note. See the chapter on the Measurement of Pressure for other 
apparatus fully as accurate and easier to o[)erate. 
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removed. A wide board or plank may be temporarily bolted to the lower 
part of the end of the cylinder, so as to hold back the water in the manner of 
a dam, and an opening made in the temporary head thus provided for the 
reception of an overflow pipe. The plunger is blocked at some intermediate 
point in the stroke (or, if this position is not practicable, at the end of the 
stroke), and the water from the force main is admitted at full pressure behind 
it. The leakage escapes through the overflow pipe, and it is collected in barrels 
and measured. 

Should the escape of the water into the engine room be objectionable, a 
spout may be constructed to carry it out of the building. Where the leakage 
is too great to be readily measured in barrels, or where other objections arise, 
resort may be had to weir or orifice measurement, the weir or orifice taking 
the place of the overflow pipe in the wooden head. The apparatus may be 
constructed, if desired, in a somewhat rude manner, and yet be sufiBdently 
accurate for practical requirements. The test should be made, if possible, 
with the plunger in various positions. 

In the case of a pump so planned that it is difficult to remove the cylinder 
head, it may be desirable to take the leakage from one of the openings which 
are provided for the inspection of the suction valves, the head being allowed to 
remain in place. 

It is here assumed that there is a practical absence of valve leakage, a con¬ 
dition of things which ought to be attained in all well-constructed pumps. 
Examination for such leakage should be made first of all, and if it occurs and 
is found to be due to disordered valves, it should be remedied before making 
the plunger test. Leakage of the discharge valves will be shown by water 
passing down into the empty cylinder at either end when they are under 
pressure. Leakage of the suction valves will be shown by the disappearance 
of water which covers them. 

If valve leakage is found which cannot be remedied, the quantity of water 
thus lost should also l>e tested. The determination of the quantity which 
leaks through the suction valves, where there is no gate in the suction pipe, 
must be made by indirect means. One method is to measure the amount of 
water required to maintain a certain pressure in the pump cylinder when this 
is introduced through a pipe temporarily erected, no water being allowed to 
enter through the discharge valves of the pump. 

The exact methods to be followed in any particular case, in determining 
leakage, must be left to the judgment and ingenuity of the person conducting 
the testw 


4. Table iw Data and Results. 

In order that uniformity may be secured, it is suggested that the data 
and results, worked out in accordance with the standard method, be tabulated 
in the manner indicated in the following scheme: 
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OTTY TRIAL OT ENGINR. 

Dimensions. 

1. Number of steam cylinders. 

2. Diameter of steam cylinders. ins. 

3. Diameter of piston-rods of steam cylinders.... “ 

4. Nominal stroke of steam-pistons. ft. 

5. Number of water-plungers. 

6. Diameter of plungers ... ins. 

7. Diameter of piston-rods of water cylinders. 

8. Nominal stroke of plungers ... ft. 

9. Net area of plungers . . ins. 

10. Net area of steam pistons.. 

IX. Average length of stroke of steam pistons during trial. ... ft. 

12. Average length of stroke of plungers during trial. “ 

(Give also complete description of plant.) 

Temperatures. 

13. Temperature of water in pump well. degs. 

14. Terat>eraturc of water supplied to boiler by main feed¬ 

pump . ** 

15. Temperature of water supplied to boiler from various 

other sources. 

Feed-water. 

16. Weight of water supplied to boiler by main feed-pump. .. lbs. 

17. Weight of water supplied to boiler from various other 

sources. . “ 

18. Total weight of feed-water supplied from all sources. “ 

Pressures. 

19. Boiler pressure indicated by gauge. 

20. Pressure indicated by gauge on force main. 

21. Vacuum iridicatal by gauge on suction main. ins. 

22. Pressure corresponding to vacuum given in preceding line. lbs. 

23. V^ertical distance between the centers of the two gauges. . ins. 

2\. Pressure equivalent to distance between the two gauges. . lbs. 

Miscellaneous Data. 

25. Duration of trial . hrs. 

26. Total number of single st^-okes during trial. 

27. Percentage of moisture in steam supplied to engine, or num¬ 

ber of degrees of superheating. p. c. or deg. 

28. Total leakage of pump during trial, determined from re¬ 

sults of leakage test. lbs. 

29. Mean effective pressure, measured from diagrams taken 

from steam cylinders. M.E.P 































786 


EXPERIMENTAL ENGINEERING 


Principal Resulls, 

30. Duty. 

31, Percentage of leakage. 

32, Capacity. 

33. Percentage of total frictions. 


ft.-lbs. 
per cent, 
gals. 

per cent* 


Additional Results* 

34. Number of double strokes of steam piston per minute.... 

35. Indicated horse power developed by the various steam 

cylinders . LH.P. 

36. Fecd“Water consumed by the plant per hour . ... lbs. 

37. Feed-water consumed by the plant per indicated horse 

power per hour, corrected for moisture in steam. “ 

38. Number of heat units consumed per indicated horse power 

per hour. B.t.u. 

30. Number of heat units consumed per indicated horse power 
per minute . 

40. Steam accounted for by indicator at cut-off and release in 

the various steam cylinders lbs. 

41. ProfX)rtion which steam accounted for by indicator hears to 

the feed water consumption. 


Sample Diagrams Taken From Steam Cylinders. 

[Also, if possible, full measurements of the diagrams, embracing pressures at 
the initial point, cut-olT, release, and compression: also back pressure, and.the 
proportions of the stroke completed at the various points noted.] 


42. Number of double strokes of pump per minute. 

43' Mean effective pressure, measured from pump diagrams.. M.E.P, 

44. Indicated horse power exerted in pump cylinders . I.H.P. 

45. Work done (or duty) per 100 lbs. of coal . ft.-lbs. 


Sample Diagrams Taken From Pump Cylinders. 

Data and Resttt.ts of Boiler Test. 

For the items of this table see the Boiler Code, Chap. XVII, of this book, 

364. The Testing of Locomotives.—Tests on locomotives are 
divided into shop tests and roed tests. In the former the engine is 
supported, so that, although it may be operated at full speed as far 
as revolution of drivers is concerned, the locomotive as a whole has no 

* These are not necessary to the main object, but it is desirable to give them* 
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motion. The equipment required for such a test is rather elaborate 
and quite costly, and hence out of reach of the ordinary testing 
laboratory. Several of such testing stands are, however, found in 
one or two of the colleges and in the shops of some of the important 
railroads. The road tests, as the name implies, are made with the 
locomotive in actual service drawing a train over the road. The 
advantage of shop tests over road tests consists in the fat t that it is 
possible to make measurements with probably somewhat greater 
accuracy and that all conditions can be maintained constant. This 
is important when it is desired to study one particular feature of 
operation. The road tests, on the other hand, exhibit actual operat¬ 
ing results and therefore furnish a valuable complement to the shop 
test. When engine performance alone, as compared with that of 
other engines, is the matter under investigation, it is desirable to 
make the road test of considerable length, say not under 100 miles, 
and to have each engine draw the same train, which should be a 
special rather than a regular train, in order to be independent as 
far as number of stops is concerned. 

The Committee recommends that a dynamometer car be used 
in all road tests in order to determine accurately the useful work 
done. The Code gives several figures illustrating the arrangement 
of apparatus in a dynamometer car, but, since no description is 
given, these figures are of doubtful value for the purpose of this 
book. The student is therefore referred to articles dealing with 
the operation of dynamometer cars as well as with the construction 
of the testing stands for shop tests which have appeared from time 
to time in various technical railway journals. 

The Committee also recommends the adoption of an efficiency 
standard for locomotives, defining it as the number of pounds of 
“ standard coal ” consumed per dynamometer horse power per 
hour. Standard coal is defined as one which will, when tested in 
the oxygen calorimeter, show a heating value of 12,500 B.t.u per 
pound. To convert the actual amount of coal used into the equiv¬ 
alent weight of “ standard coal,’’ the weight of coal burned per 
dynamometer horse power per hour is multiplied by its heating 
value and divided by 12,500. 
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STANDARD METHOD OF CONDUCTING EFFICIENCY TESTS 

OF LOCOMOTIVES. 

I. Prepaeations tor Test, and Location of Instruments * 

A* The locomotive should be put in good condition preparatory to the 
test. The boiler and tubes should be tight, and both the interior and exterior 
surfaces should be clean, and, if possible, free from scale. There should be no 
lost motion in the valve gear, and the valves should be set properly. No 
change in the engines should be allowed during the progress of a series of tests, 
unless so ordered for the purposes of the trial. 

A glass watergauge should be fitted to the boiler, if not already provided. 
A rod should be attached to the reversing lever and carried forward to the 
front end of the boiler, where a graduated scale is provided and suitably marked, 
so that the j)osition of the reversing lever can be seen at a glance by the person 
taking indicator-diagrams. The throttle-valve lever should be provided with 
a scale, to show the degree of opening of the throttle. 

B. The valves and pistons should be tested for leakage with the engine at 
rest. The steam valve can be tried by setting the engine so that the valve 
on one side will be at the center of its throw, in which position both ports are 
usually covered, and pulling open the throttle valve, blocking the drivers if 
there is a tendency for the engine to be set in motion. Leakage of the valve, 
if any occurs, will show itself by escaping at the smokestack, or at the opeii 
drain-cocks. The tightness of the piston may l>e tested by setting the engine 
so that it takes steam, blocking th drivers and opening the throttle valve. 
This should be tried first on one cylinder and then on the other, and, if desired, 
it may be tried with the pistons at various points in the stroke. The leakage, 
if any occurs, will be shown either at the top of the smokestack or at the open 
drain-cock. 

C. The following instruments should be verified, or calibrated: steam 
gauges, draft gauge, pyrometer, thermometers for calorimeter and feed-water, 
water meter, tank, revolution counter, indicator springs, dynamometer springs, 
and dynamometer recording mechanism. The radiation loss on the steam 
calorimeter should be determined, or the normal readings ascertained; f 

the quantity of steam which passes through the instmment in a given time 
should be measured. 

/>. The quantities of steam consumed by the air-pump, the blower, and the 
whistle, under conditions of common use, should be determined, thereby obtain¬ 
ing data by which to correct for the steam thus used. This can best be de¬ 
termined for each one by observing the fall of water in the gauge glass when no 
steam is drawn from the boiler for any other purpose; the quantity being com- 

* The directions here given apply largely to both shop and road tests, but espe- 
dally to the latter. 

tTransactions A. S, M. E., VoL XI, p. 793. 
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puted from the data thus found, and the dimensions of the boiler. The leak¬ 
age of the boiler should also be found, using the same method. 

£. To facilitate the measurement of coal and the determination of the 
quantity used during any desired period of the run, it is desirable to provide a 
sufficient number of sacks of a size holding a weight of, say 100 lbs., and weigh 
the coal into these sacks preparatory to starting on the test. If desired, the 
sacks may be numbered, to facilitate the accuracy of record. 

F. The instruments and other apparatus that should be provided, and their 
locations, are as follows: 

To facilitate the work of operating the indicators and reading the instru¬ 
ments at the front end, the smoke box should be surrounded with a wooden 
fence, or pilot box,*' as it may be called, resting on the top of the cow-catcher 
and extending back far enough to inclose also the sides of the cylinders. This 
box is floored over, and the inclosure thus provided forms a convenient place 
for the accommodation of the assistants at this end of the locomotive, and it 
affords them some measure of protection against wind and rain, as also the 
jolting and vibrations due to rapid travel. 

A special steam gauge with a long siphon is to be used for registering the 
boiler pressure. It can best be located on the left-hand side of the cab. 

The indicator apparatus which is most suitable consists of a three-way 
cock * for the attachment of the indicators, and some form of pantograph 
motion for the driving rig. The pipes leading from the cock to the cylinder 
should be three-fourths inch diameter inside, and they should connect into 
the side of the cylinder rather than into the two heads. The indicator should 
also be piped so that a steam chest diagram can be drawn by it. Sharp bends 
in the pipe should be avoided, and they should be well covered, to intercept 
radiation. The three-way cock should be provided with a clamp rigidly 
secured to the cylinder, and thus overcome any tendency of the indicators to 
move longitudinally with reference o the driving rig. Absolute rigidity is 
highly essential in this particular. (For forms of driving rig for the indicators, 
see Chap. XV of this book.) 

A draft gauge consisting of a U tube containing water, fproperly graduated 
in inches, should be connected to the smoke box and attached to the side of 
the pilot box. 

A pyrometer for showing the temperature of the escaping gases should be 
used in a position below the tip of the exhaust nozzles. 

The calorimeter should be attached either to the steam dome at a point 
close to the throttle opening, or to the steam passage in the saddle casting on 
one side, according as it is desired to obtain the character of the steam at one 
point or the other. The former location is preferred by the Committee. A 
perforated half-inch pipe should be used for sampling and conveying the steam 
to the calorimeter pipe. For descriptions of various forms of calorimeter 

♦ AtJTHoa’s Note. The use of a three-way indicator cock is not countenanced 
by many engineers under any circumstances. 
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which are adapted to locomotive use see Transactions A. S. M, E., VoL X, 
p, 327; Vol. XII, p. 825. 

The water meter should be attached to the suction pipe of the injector, and 
located at a point where it can be conveniently read when the locomotive is 
running. It should be provided with a check valve to prevent hot water from 
flowing back through it from the injector, and a strainer to intercept foreign 
material. 

To measure the depth of the water in the tank, a metallic float should be 
used, carrying a vertical tube 'which slides upon a graduate rod, the lower end 
of which rests upon the bottom of the tank. This .should be placed at the 
center of gravity of the water space. If tlie desired location cannot be used, 
provision should be made for ascertaining the level or inclination of the tank. 
The best device for this purjx)se is a plumbline of a certain length provided 
at the bottom with a double horizontal scale having one set of divisions par¬ 
allel to the side of the tank, and the other set at right angles to it. From the 
readings on these scales referred to the length of the line, the levt*! of the tank 
in both directions can be ascertained. A similar dcwice should be attached 
to the boiler to correct for the variation in its inclination. 7 'he plumhline 
may be conveniently attached for this purjvose at some fx)int near the front end. 

The revolution counter should be placed near the front end of the engine 
in plain view from the pilot box. It is operated through a belt from the driver 
shaft. This recommendation applies to that form of counter which shows a I 
a glance the exact speed in revolutions per minute. 

A stroke counter should l)e provided for showing the number of strokes 
made by the air-pump. 

Electric connection should be made between the dynamometer car and the 
pilot box, .so that dynamometer records and indicalor-<liagrams may he taken 
simultaneously. Another desirable provision is a speaking tube leading from 
the dynamometer car to the locomotive cab, and one also to the pilot box. 

G. It is needless, except for a complete record of directions for preparatory 
work, to call attention to the desirability of having the test, and especially the 
road test, made under Uie supervision of a competent person, who is not only 
familiar with the details of testing, but also vith the ]>roper method of firing 
and the mechanical <)i)eration of the loiomotive. This is a most important 
factor, for it is only the clear-headed and able experimenter who is likely to 
obtain satisfactory w^ork in this most difficult department of engineering tests. 

In the matter of as.sistants, the conductor of the lest is best able to judge 
as to the number required, the varioas duties of the different men, and the 
manner of taking records, A good test can be made wn’th eight (8) assistants, 
distributed in the manner indicated in the following list, which gives their 
duties: 

Two (2) cab assistants, who read the steam gauge, the position of the 
throttle-valve and reversing lever, the water meter, the height of water in 
the tank, the height of water in the glass water-gauge, the level of the tank, 
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the number of times the whistle is blown, the length of time the safety-valve 
blows, the length of time the blower is in action, the reading of the air-pump 
counter, the temperature of the feed-water in the tank, the time of starting 
and stopping the injector, the time of opening and closing the throttle-valve, 
and the number of sacks of coal used. These two observers have previously 
checked the weights of coal placed in the sacks. 

Three (3) pilot-box assistants, one of whom reads the pyrometer, the 
draft-gauge, the steam-chest gauge, the revolution counter, and marks on 
the indicator diagrams the time, position of revetsmg lever, steam-chest pres¬ 
sure, and revolutions per minute. He also takes the levels of the boiler at 
stopping places. The other two observers are stationed at the cylinders and 
manipulate the indicators, one being employed on each side. 

One (ij calorimeter assistant, who reads the calorimeier thermometers, and 
the gauges connected with the instrument, if these are employed. 

Two (2) dynamometer car assistants, who record time of each start and 
stop, time of passing each station and each mile-post, time of taking each 
indicator diagram as obtained from signals of the indicator men, and all these 
readings are marked so far as possible on the dynamometer paper. One of 
these men also assists the cab observer in reading the tank depth and its levels 
at slopping places These men also keep a record of the direction and force 
of the wind, and the temi)erature of the atmosphere. 

An additional assistant is required if the gases arc sampled and analyzed. 
H. It is of j)aramount imi>ortance, after the complete preparatory work 
has been accomplished, that the locomotive be subjected to a preliminary 
run, of sufficient duration to make a fair trial of the testing apparatus, and to 
give the various assistants an opportunity to become trained in their duties. 

I. SHOP IFST. 

A. Preparation and Location of Insirumcnts, 

In preparing for a shop test the preparations described in Section I should 
be followed so far as the nature of the test requires. When run as a stationary 
engine the locomotive is not circum.scribed ])y the conditions of road ser\dce, 
and many provisions required on the road are unnecessary. It is unnecessary 
to determine the quantity of steam consumed by the whistle and air-pump, 
for these arc not brought into use on the shop test, and no occasion exists for 
finding the quantity lost at the safety valve, for on the continuous shop run 
the steam pressure can be maintained at a uniform point, and blowing off 
readily prevented. It is unnecessary to use sacks for the convenient measure 
of coal, because the coal am be readily weighed up in lots as fast as needed for 
the test. It is unnecessary to provide a “pilot box/’ and no fixed location of 
the instruments is required, as on the road test. The feed-water may be 
weighed l)efore it is supplied to the tank, and the tank may be used in this 
case as a reservoir, the float showing its depth. 'Flie meter w'ould thus be un¬ 
necessary as the principal instrument of measurement, but a meter is in all 
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cases useful as a check upon this most important element in the data. The 
long indicator pipes required on the road test may be dispensed with, and one 
indicator applied dose to each end of the cylbder — a practice much to be 
preferred to the use of a three-way cock and the single indicator. The dyna¬ 
mometer car is not required, but its equivalent should be provided, consisting of 
a dynamometer which registers the puli on the draw-bar, in the same manner 
as the device used on the road. 

The number of assistants required on a shop test is less than that needed 
for a road test. A good test can be made with four (4) assistants, distributed 
as follows: 

One (i) assistant for operating indicators. 

One (i) assistant for measuring water. 

Two (2) assistants for general observations and coal measurement. 

If the gases are sampled and analyzed, one more assistant is required. 

B, Conditions of Test, 

The test should be continued for a run of at least two (2) hours from the 
time normal conditions have been estabhshed. 

At the close of the test the water height in the boiler, and the height of 
water in the tank, should be the same as at the beginning, or proper correc¬ 
tions made for any differences which may exist. 

The fire-box and ash-pit are then cleaned, and such unburnt coal as may be 
contained in the refuse is separated, weired, and deducted from the total 
weight of coal fired. The balance of the refuse is weighed, as also the cinders 
removed from the smoke box. 

During the progress of the test samples of the various charges of coal should 
be obtained, and at its close a final sample of these should be selected, dried, 
and subjected to chemical analysis and calorimeter test. The weight of the 
sample is taken before and after drying, to ascertain the amount of moisture 
contained in the fuel. 

C, The Data and Results. 

The data and results of the shop test can best be arranged in the manner 
indicated in Table No. i. So far as these arc in common with the data and 
results obtained on the road test, the forms used on both kinds of test are 
identical. 

TABLE NO. 1. 

Data and Results of Shop Test on.Engine, Made. 19.. 

General dimensions, etc. (to be accompanied by a complete description, 
with drawings and full dimensions). 

1. Kind of engine . 

2. Size and clearance of cylinders. 

3. Area of heating surface. 

4. Area of gjcate surface... 

5. Diameter of exhaust nozzles... 









TESTING STEAM ENGINES AND LOCOMOTIVES 


Whole Run. 


TOTAL QUANTITIES. 

6. Dumtion. hrs. 

7. Weight of dry coal burned, including .4 weight of wood.,. lbs. 
8e Weight of water evaporated correct^ for moisture in the 

steam.lbs. 

Q. Weight of ashes and refuse from ash pan.. . . 

10. Weight of cinders from smoke box. 

ir. Percentage of ash, as found by calorimeter test, ... per cent. 

12. Total heat of combustion per pound coal as found by calo¬ 
rimeter test.B.t.u. 


POWKK DATA. 

13. Mean effective pressure, high-pressure cylinders........lbs. 

14. Mean effective pressure, low-pressure cylinders.“ 

15. Average revolutions per minute.rev. 

16. Indicated horse power, high-pressure cylinders.H.P. 

17. Indicated horse power, low-pressure cylinders... 

iS. Indicated horse power, whole engine. ** 

19. Pull on draw-bar.lbs. 

20. Dynamometer horse power... .H.P. 

AVERAGES OF OBSERVATIONS. 

21. Average boiler pressure. lbs. 

22. Average steam-chest pressure. 

23. Average temperature of smoke lx)x.deg. 

24. Average draft suction.in, 

25. Average temperature of feed-water . .deg. 

26. Average temperature of atmosphere... 

27. Average percentage of moisture in the steam.. . .percent 

28. Maximum percentage of moisture in the steam_per cent. 

HOURLY QUANTITIES. 

29. Weight of dry coal burned per hour. lbs. I 

30. Weight of dry coal burned per hour per square foot of grate | 

surface.lbs. 

31. Weight of coal burned per hour per square foot of heating 

surface.lbs. 

32. Weight of water evaporaUxl per hour. 

33. Equivalent weight of water evaporated per hour with feed- 

water at icx)® and pressure at 70 lbs. .lbs. 

34. Equivalent weight of water from 100® at 70 lbs. evaporated 

per square foot of heating surface.lbs, 

PRINCIPAL RESULTS, COMPLETE ENGINE AND BOILER, 

35. Coal consumed per I.H.P. per hour. . ..lbs. 

36. Coal consumed per dynamometer horse power per hour.. 

37* Weight of standard coal ** consumed per I.H.P. per hour. “ 
38, Weight of ^‘standard coaP' consumed per dynamometer 

horse power per hour.lbs. 
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Whole Run. 


BOILER RESULTS. 

39. Water evaporated per pound of coal.lbs. 

40. Equivalent evaporation per pound of coal from and at 212® ‘' 

41. Equivalent evaporation per pound of combustible from and 

at 212^. lbs. 


CYLINDER DATA. 


42. Mean initial pressure above atmosphere 


lbs. 


45 ‘ 

44. 

45 - 

46. 


47 - 

48. 


4 Q* 


Cut-off pressure above zero .lbs.’ 

Release pressure above 2:erc>. 

Compression pressure above zero. “ 

Lowest back pressure above or below atmos¬ 
phere. lbs. 

Proportion of forward stroke completed at cut¬ 
off.lbs. 

Proportion of forward stroke completed at re¬ 
lease .lbs. 

Proportion of return stroke uncompleted at com¬ 
pression .lbs. 


H V Cyl 


L P Cyl 



CYLINDER RESULTS. 

50. Total water consumed per indicated horse power per hour corrected for 

moisture in steam. . . . lbs, 

51. Water consumed r)er I.H.P. jxrr hour by cylinders alone (from line 51 less 

all measured losst^s). .lbs. 


H. P, Cyl. 


L. P, Cyl. 


52. Steam accounted for by indicators at cut-off ibs. 

53. Steam accoun led for by indicat ors at release. ' ‘ 

54. J^roportion of feed-water used by cylinders (line 

52) accounted for at cut-off.Ibs.j 

55. Pro[K)rtion of feed-water used by cylinders ac-| 

counted for at release.Ibs.j 


Reports should give ropy of a set of sample indicator-diagrams, also com¬ 
bined diagram (in case of multi-expansion engine) and a chart showing gtaph- 
ically the principal data. 
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n. THE ROAD TEST. 

A. Preparation and Location of Instruments* 

The preparations required for the road test, and the proper location of 
instruments for the purpose, are fully described in Section I, and repetition 
is unnecessary. 


B* The Dynamometer Car. 

With a suitable dynamometer car the force required to move the train, or 
the pull upon the draw-bar, is registered upon a strip of paper traveling at a 
definite rate per mile* The scale upon which this diagram is drawn should be 
as large as is possible within reasonable limits; a scale of i inch per 1000 lbs* 
pull being suitable, as the maximum registered pull rarely exceeds 30,000 lbs 
The height of the diagram should be measured from a base line drawn upon 
the paper by a stationary pen, so located that when no force is exerted utx)n 
the draw-bar the l>ase line should coincide with zero pull. 

The apparatus should be arranged to make a record of time marks in con¬ 
nection with the curve showing the pull. A chronometer should be provided, 
having an electric circuit breaker, by means of which a mark is made on the 
dynamometer paper every five (5) seconds. A better apparatus may be used 
in which a continuous speed curve is traced upon the paper, parallel to the 
curve of pull. The ordinates of this curve, measured from a base line, give 
the speeds desired. 

The location of mile-posts and other points along the route should be fixed 
upon the dynamometer paper by emplo} ing an additional pen, and operating 
it by means of electric press buttons, which are placed at convenient points in 
the car. 

As already noted, a similar device should be provided for marking upon 
the dynamometer |>aper the time of taking indicator diagrams. 

The rate of travel of the paper {>er mile should be such that one inch 
measured upon the diagrams represents 100 feet for short-distance work, and 
for long-distance work J inch or i inch should be used to represent 100 feet 
of track. The driving mechanism for the paper should be so arranged that 
it can be changed to give these three proportion.s. It is necessary to have all 
the registering pens located upon the same transverse line at a right angle 
with the direction of the movement of the paper, in order that simultaneous 
data may be recorded. 

C. Method of Cofiducting the Road Test. 

The locomotive having been brought to the train, the steam pressure being 
at or near the working point, the fire being clean and in good condition though 
not over 4 to 6 inches thick, the ash-pan being also clean; observations are taken, 
say five (5) minutes before starting time, of the thickness and condition of 
the fire, the height of water in the boiler, the depth in the tank, the levels, 
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tbe water meter, and the air-pump counter; and thereafter the regular obser¬ 
vations are carried forward, and coal is fired from the weighed sacks. 

Indicator diagrams should be taken as frequently as i>08sil)le, the intervals 
between them being not over two minutes. 

Other regular observations should be taken at close intervals. Calorim¬ 
eter readings, when taken, should be continued for at least five (5) minutes 
at one-minute intervals. 

At water stations careful records should be obtained of water heights and 
levels of boiler and tank. 

As the end of the route is approached, the fire should be burned down so 
as to leave the same amount and the same condition as at the start. When 
the end is finally reached, the fire should be rake<l, and its condition carefully 
noted. If it differs from that which obtained at the beginning, an estimated 
allow^ance must be made for such difference. 

At the close of the test the height of water in the boiler should be the same 
as at the beginning, or, if not, the difference, corrected for inclination of the 
boiler, should be allowed for. 

During the process of weighing the coal into the sacks numerous samples 
should be obtained, and a final sample of these selected. This is to be dried 
and subjected to chemical analysis and calorimeter test. The sample is 
weighed before and after drying, and data obtained for determining the weight 
of diy coal used during the test. 

The duration of the road test is the length of time w'hich the throttle-valve 
is open. 


D. The Data and Restilis. 

The data and results of the road lest may be tabulated in the form given 
in Table No. 2. This form corresponds in general with that recommended 
for the shop test; viz., Table No. i. 

TABLE NO. 11 . 

Data and Results of Road Test on .Engint:, Made. 19.. 

General dimeasions, etc, (to lie accompanied by a complete description of 
engine with drawings and dimensions, also of train and route). 

1. ELind of engine. 

2. Size of cylinders. 

3. Clearance of cylinders. 

4. Area of heating surface... 

$. Area of grate surface... 

6. Size of exhaust nozzles. 

7. Average weight of locomotive and tender (including water) 

8. Number of cars. 

9. Weight of cars. 


per cent, 
sq, ft. 

u 

ins. 

tons. 

tons. 













TESTING STEAM ENGINES AND LOCOMOTIVES 


797 


10. Length of route. miles. 

11. Number of ton miles of train load. ton miles. 

12. Number of ton miles of total load. 

13. Schedule time of trips. 

TOTAL QUANTITIES. 

14. Duration or time throttle-valve is open. hours. 

15. Weight of dry coal burned. lbs. 

16. Weight of water evaporated corrected for moisture in the 

steam and loss at injector *. “ 

17. Weight of ashes and refuse from ash pan. 

18. Weight of cinders from smoke box . “ 

19. PercenUge of ash as found by coal calorimeter test. per cent. 

20. Total heat of combustion as found by calorimeter test_ B.t.u. 

21. Results of chemical analysis of coal.... 

POWER DATA. 

22. Mean effective pressure, H.P. cyls. lbs. 

23. Mean effective pressure, L.P. cyls. 

24. Average revolutions per minute. rev. 

25. Indicated horse power, H.P. cyls. H.P. 

26. Indicated horse power, L.P. cyls. ** 

27. Indicated horse power, whole engine . “ 

28. Pull on draw-bar. lbs. 

29. Dynamometer horse power. H.P. 

AVERAGES OF OBSERVATIONS OF INSTRUMENTS. 

30. Average boiler pressure. lbs. 

31. Average steam-chest pressure. “ 

32. Avenige temperature of smoke box . deg. 

33. Average draft suction. . . ins. 

34. Average temperature of feed-water. deg. 

35. Average temperature of atmosphere. . 

36. Average percentage of moisture in the steam. per cent 

37. Maximum percentage of moisture in the steam. “ 

38. Weather, wind, etc. 

OTHER DATA. 

39. Average position of throttle. 

40. Average position of reversing lever. 

* Should be corrected for steam used by calorimeter, air pump, blower, safety 
valve, and whistle, to find cylinder results — line 56. 
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41* Average speed in miles per hour. 

4^2. Maximum speed in miles per hour. 

43. Number of stops... 

44. Average number of strokes of air pump per minute. 

45. Total estimated weight of steam used by air pump per hour 

46. Estimated loss of steam at safety valve per hour. 

47. Estimated loss of steam at whistle per hour. 

48. Estimated weight of steam used by blower per hour. 

49. Estimated loss of steam at calorimeter per hour. 


HOURLY QtJANTItlES. 

50. Weight of dry coal burned per hour. 

51. Weight of dry coal burned per hour per square foot of grate 

surface. . 

52. Weight of coal burned per square foot of heating surface. 

S3* Weight of water evaporated per hour. 

54. Equivalent weight of water evaporated f^er hour with feed- 

water at 100® and pressure 70 lbs. 

SS- Equivalent weight of water from 100® at 70 lbs. evaporated 

per square foot of heating surface. 

56. Weight of water consumed by engine cylinders (line 53, 
less sum of lines 45,46, 47, 48, and 49). 


PRINCIPAL RESULTS—COMPLETE ENGINE AND BOILER. 

57. Coal consumed per I.H.P. per hour... 

58. Coal consumed per dynamometer horse power per hour... 

5Q. Coal consumed per ton mile of train load. 

60. Coal consumed per ton mile of total load. 

61. Weight of standard coal consumed per I.H.P. per hour. . 

62. Weight of standard coal consumed per dynamometer horse 

power per hour. 

63* Weight of standard coal consumed per ton mile of train 
load. 

64. Weight of standard coal consumed per ton mile of total load 

BOILER RESULTS. 

65. Water evaporated per pound of coal. 

66. Equivalent evaporation per pound of coal from and at 212® 

67. Equivalent evaporation per pound of combustible from and 

at 212®... 
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CYUNDEK PATA. 

68. Mean initial pressure above atmosphere... 


lbs. 


H P. Cyl. 


L. P. Cyl. 


69. Cut-off pressure above zero...lbs. 

70. Release pressure above zero. 

71. Compression pressure above zero. 

72. Lowest back pressure above or below atmosphere.. “ 

73. Proportion of forward stroke completed at cut-off 4... 

74. Proportion of forward stroke completed at release..,. 

75. Proportion of return stroke uncompleted at compres¬ 

sion . 

76. Mean effective pressure (lines 22 and 23) .lbs. 


CYLINDER RESULTS. 

77. Total water consumed per indicated horse power per hour 

corrected for moisture in steam. . lbs. 

78. Water consumed per I.H.P. per hour by cylinders alone 

(from line 56). “ 


H. P C>i 


L. P Cyl. 


79. Steam accounted for by indicator at cut-off.lbs, 

80. Steam accounted for by indicator at release. ... | 

81. Proportion of feed water used by cylinders (line 78) 

accounted for at cut-off... 

82. Proportion of feed water used by cylinders accounted 

for at release. ! 


365. Calorimetric Methods of Engine Testing. — The object of 
calorimetric tests is the determination of the various ways in which 
the heat supplied to the engine is distributed at various points in 
a single cycle, to bring out the heat interchanges between steam 
and cylinder walls, etc. The methods of carrying on this work 
were mainly developed by Him, and hence the computation is 
often called Hirn's Analysis. It is also often called simply the 
heat analysis, especially if modifications of Him^s original methods 
are here and there introduced in the computation. 

The method consists of dividing the average indicator card 
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obtained on a complete engine test into its seyeral events and for 
each event computing the quantities of heat involved, that is, the 
quantity of heat originally available at the beginning, the quantity 
remaining at the end, the quantity converted into work, and the 
quantities that can be accounted for as lost to cylinder walls by 
radiation, etc. A very complete exposition of the entire method 
of computation, together with a concrete example of its application, 
will be foimd in Peabody’s “ Thermodynamics of the Steam Engine,” 
to which the student is referred. The following is an abstract of 
the scheme there developed. 

Let Fig. 503 represent the average indicator card. Draw in the 
line of zero pressure and the line of zero volume, being the volume 
of clearance. Number the important events on the card as follows: 



Admission, o; cuLof, i; release, 2; and beginning of compression, 3. 
Let that period of the cycle from o to 1 be represented by a, that 
from I to 2 by b, that from 2 to 3 by c, and that from 3 to o by d. 
For each one of the points o, i, 2, and 3, determine the following 
data: Absolute pressure; heat of liquid, q; internal latent heat, p; 
heat of vaporization, r; total heat, X; and specific volume of steam, 
V. Also measure the total volume (=>= clearance volume + volume 
from end of stroke to point) up to the various points. Record all 
these data on the following blank form. If at any of the xwints 
the steam is superheated, several of the quantities above are cor¬ 
respondingly modified. 
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ABSOLUTE STEAM PRESSURES FROM INDICATOR CARDS AND 
CORRESPONDING PROPERTIES OF STEAM. 

CYLINDER If 

t Low Pressure. 





Beginning of 



Cut-ofF. 

Release. 

Compres¬ 

sion. 

Admission. 

Symbol. 

Subscript used. 

Absolute steam pressure .lbs. 
Ileal of the liquid . .B.t.u. 

Internal energy. “ 

Latent heat of evap. 

rota! heat in dry and satu¬ 
rated steam.. . . B,( u.*i 

^Specific volume of steam, dry 
and saturated. . cu. ft.*j 

i 

2 

X 

0 


i 

j : 

1 

- 1 

i 

1 

.... 

. 


P 

HorX 

1 t} 

V olume symbols... . 

V olumes at the various points, 
as measured from card cu. ft. 


Vc + Vz^\ 

V, + Vz = ^ 

rc+V„= 

Fc- " 
clearance 
vol.» 


* W here steam is sufwiheated, nuxJify these items to suit. 


MEAN PRESSURES AND HICAT EQUIVALENTS OF THE 
EXTERNAL. WORK. 

( X.OW Pressure 



Sub- 

! Mean Pressures. 

1 

External Work 

1 External Work. 


script 

Foot-Pounds ' 



Symbol used. 

Admission . 

a ; 

! M.E.P. 

i 

] 

AW* 

Expansion. 

Exhaust.. . 

b 

( j 




Compression. 

I d 



\ 


• A “ i»». 

Next divide the card by the broken lines shown into areas rep¬ 
resenting the external work done during the various events of the 
cycle. Thus: 

External work done during admission == area o', i", i, i'. 

” ” ” ” expansion = area i, 2, 2', i'. 

” ” ” ” release and exhaust = area 2, 4, 4', 

minus area 3, 4, 4', 3'. 

” ” ” ” compression = area o, 3, 3', o'. 
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For each one of these areas find the mean ordinate by means 
of the planimeter and compute the M.E.P. by proper spring scale. 
Record these on the form where indicated. For each event compute 
and record next the foot-pounds (= TF) of external work done. 
This is equal to 

W = M.E.P. X piston area in square inches X distance moved 
by piston during the event. 

Note. — During release and exhaust the piston moves from 2 to 4 in one 
direction and from 4 to 3 in the opposite direction. Since the M.E.P. recorded 
for this event is the net, as above computed, the distance moved by the piston 
in this event, for the computation of W, should be taken simply as 4 to 3. 

Convert the various quantities W^, Wt, IF,, and IF^ of external 
work in foot-pounds into the heat equivalents AW„, etc., by 
dividing each by 778, and record on the form. 

From the engine test determine the actual weight of cylinder 
steam furnished to the engine per cycle. This does not take into 
account the weight of jacket steam, if jackets are used, as the action 
of this jacket steam can only modify the heat interchange between 
walls and cylinder steam, and this action will appear in the analysis. 
Call this weight of cylinder steam = M pounds. Compute the 
weight of steam caught in the clearance spaces per stroke, on the 
assumption that the steam is dry at point 3, and call this weight = 
Mo pounds. 

This completes the computation of preliminary data. Before 
proceeding to establish energy balances for the various points on 
the card, we must know the quality of the steam at points o, i, 2, 
and 3. The quality at point 3 is usually assumed = 1.0. The 
quality of the other points can be computed as follows: 

The specific volume of one pound of mixed vapor and liquid is 

V = XU + a, 

where 

u = volume increase during vaporization, 

<r = specific volume of water under the temperature con¬ 
ditions existing. 

The volume F at any point on the indicator card may then in 
general be expressed by the equation 

V - Mv = M{xu -f <r). 
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Hence for the points o, i, and 2, we have 
Vc "h Vo — Mo {XoUo + Vo) 

Ve Vi (M + Jifo) (*iWi +<ri) 

Fc + Fj = (M + Mo) {XiUi + vj). 

In these equations all the factors but aco, Xt, and Xi are known, and 
these may therefore be found. The value of v changes but very 
little (from .016 to .018) in the ordinary pressure range, and is in 
any case so small that it is generally neglected. ^ 

/Vvfe. — Where a saturation curve has already been constructed for the 
general engine test, the qualities of the steam at points i and 2 are obtained 
more quickly by means of this curve. 

The heat, or rather the energy, balances may next be established 
for the various points on the diagram as per the following scheme. 
This is carried through, assuming that at all the points considered 
the steam is saturated, wet or dry, but is at no time superheated. 
If superheat occurs at any point the result for x in some of the equa¬ 
tions above will be greater than unity. In that case, the compu¬ 
tations are modified by substituting, in the proper places, for the 
intrinsic energy (all the equations in which p occurs) and for the 
total energy (all the equations in which r occurs), the following 
expressions: 

//intrinsic = X + Cp (h - /) - total APu value, 

//total = X -h Cp(h - t), 

where h and t are the temperatures of the superheated steam and 
of saturation respectively, h is computed from the computed 
value of X accortling to the equation 

L p 

Here Cp = mean specific heat for the range h - t. Hence this 
equation will have to be solved by trial.* 

Energy balance at cut-off {Point i). 

(a) Intrinsic energy in steam at admission. 

Ho = MoixoPo + 9o)- 

{b) Total energy added from o to i (Period d), 

H = M {xr -f- q) 

Here x is the quality of steam in the steam pipe at the throttle. 
• The use of the Mollier diagram, Fig. 245, will avoid many of these computations. 
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If the steam is superheated at this point, use the equation given 
above for the total energy in superheated steam. Note the use of 
p instead of r in the equation for (a). The APu value is furnished 
by the boiler. 

(c) Energy utilized in external work (Period a) 

= AW^. 

(d) Intrinsic energy in steam at cut-off, 

III = (M -t- Mo) (a:ipi + qi). 

(e) Heat interchange between steam and cylinder walls 

(Period a), 

H+Ih- Hi- AW,. 

Energy Balance at Release {Point 2). — 

(а) Intrinsic energy in steam at cut-off, 

= (M -f Mo) (*ipi -f qi). 

{b) Energy utilized in external work (Period b) 

= AW,. 

(c) Intrinsic energy in steam at release (Point 2), 

Hi — (M -p Mo) -f- ^2). 

(d) Heat interchange between steam and cylinder walls 

(Period b), 

q, = Hi - Ih - AW,. 

Energy Balance at Beginning of Compression {Point 3). — 

{a) Intrinsic energy in steam at release. 

Hi = (M -f- Mo) (a:2P2 + 92)- 

(б) Energy equivalent of work done by piston upon steam 

= AW,. 

(c) Total energy rejected in exhaust, 

Hp*. = M (Xfix.rf],, -f- 9ex.). 

(d) Intrinsic energy in steam at beginning of compression 

(Point 3), 

Hs — Mo {x3p3 + qi). 

(c) Heat interchange between steam and walls (Period c), 

Q, = Hi - H3 - M(a:ex.r‘e,. -f- q,x.) + AW,. 
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The total energy rejected (Item (c) above), if the engine is con¬ 
densing, may also be found as follows: 

Let the weight of condensing water used per M pounds of steam 
be G pounds and let the heat of the liquid of the inlet water be 
q„ that of the outlet water q^. Also let the heat of the liquid 
remaining in the steam condensed be q^. Then 

Heat in condensing water = G{q^ — q^, 

Heat in condensed steam = Mq^,. 

The sum of these two quantities is the heat rejected. This sum 
will, in general, not check with the quantity computed under (c) 
above on account of radiation losses from condenser and piping. 
It is, however, rather difficult to determine the quality of steam 
when the latter is under a vacuum, as it is likely to be in the exhaust 
of a condensing engine. Consequently, this method of computing 
Item (r) is mostly used. It should be remembered that in this 
case the quantity (), includes the radiation from condenser and 
piping. 

Energy Balame at Admission {Point o).— 

(a) Intrinsic energy in steam at beginning of compression, 

II3 = M0 {x3p3 4 - f/s)- 

(b) Energy equivalent of work done by jnston upon steam 

(Period ci) 

= AIV,. 

(r) Intrinsic energy in steam at admission (Point o), 

11Q = Mq {XqPq + 

(d) Heat interchange between steam and walls, 

Q,==H3- //« + AW„. 

Net Heat Interchange bchveen Steam and Cylinder Walls. — 

QiiPi = (^<1 +Qb + Q, +Q<i- 

Radiation Loss from an Engine. — 

Let Qt = radiation loss. 

E ~ heat supplied in cylinder steam per cycle. 

H; - heat supplied in jacket steam per cycle. 

H,' = heat rejected in jacket steam per cycle. 
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Then in connection with the other equations developed above 
for heat rejected from the cylinder and for heat transformed into 
work, we may write: 

Q, = + F/- E: - -AiW, + W,-W,- W,), 

The heat supplied by the steam jacket per cycle, if M, pounds 
of jacket steam are condensed, equals 

where x", r', and q' refer to the condition of the jacket steam as it 
enters the jacket. Should this steam be superheated at entrance, 
the equation becomes 

F, = / + v'4-CV0/-O, 

where t,' = temperature of steam and /' = saturation temperature. 
The heat discharged by the jacket is in every case 

F/ - 

where q” — heat of the liquid of the discharged jacket condensa¬ 
tion. In most cases q” is very nearly equal to q'. 

In case no jacket is used, E, and F/ of course become o. It 
^ould be noted that the quantity (), is determined by difference, 
but Qr is small as compared with the other quantities, and any 
error in the latter is consequently likely to be a considerable per¬ 
centage of Qr, for which reason the detennination of radiation by 
this method is somewhat uncertain. 

Beat Analysis Applied to MuUicylindcr Engines. — The method 
of computation for each cylinder is the same as outlined above. 
To determine the heat quantity flowing from one cylinder to the 
next, means of finding the quality of the steam must be provided. 
When the steam is under a vacuum a determination of quality 
may sometimes be made by connecting the outlet of the calo¬ 
rimeter to the condenser.* Where it is not possible actually to 
find the quality between cylinders, an approximation to the heat 
supplied each cylinder may be made by determining the radiation 

• On account of the pulsating flow in the piping between cylinders, the quality is 
likely to change from the beginning of an exhaust stroke to the end of the same 
stroke. It k not certain that calorimeters of the type ordinarily employed indicate 
true average quality under these conditions. 
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for the whole engine as indicated in the equation above for Q,, 
except that AW will represent the work done in all the cylinders. 
Divide the total radiation loss by the number of cylinders, assum¬ 
ing that the loss is the same from each cylinder. Having the 
radiation loss from any given cylinder determines the heat dis¬ 
charged in exhaust by equation, 

Heat discharged == heat supplied — heat transformed into work 

— heat lost by radiation. 

It is needless to say that this method may introduce errors suf¬ 
ficiently great to make the entire work useless and that the heat 
analysis can be applied to a multicylinder engine with a fair degree 
of accuracy only if quality determinations of the steam in the 
exhaust of all the cylinders are made. 

366. Valve Setting on Steam Engines. — This work is not 
strictly of an experimental engineering nature, but is introduced 
in many laboratory courses for the purpose of familiarizing the 
student with the general procedure of setting valves. No specific 
directions for this work can be given here on account of the multi¬ 
plicity of different valve gears, and in every case it will therefore 
become necessary that directions be written specifically for the en¬ 
gine or engines that may be in possession of any given laboratory. 

The student is referred to books on valve gears. See “ The Slide 
Valve,” Begtrup; “ Handbook of the Corliss Steam Engine,’’ 
Shillitto; “ Valve Setting,” Collins; “ Slide Valve Gears,” Halsey; 
“ Valve Gears,” Spangler. 
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STEAM TURBINES. 

367. General Considerations. — The present commercial impor¬ 
tance of the steam turbine makes necessary an analysis of turbine 
efficiencies and turbine losses. It is not possible, in the scope of 
this book, to enter into a discussion of the details of turbine design, 
even in so far as they may affect the efficiency developed, espe¬ 
cially since the method of testing, which is the main topic of this 
chapter, is practically the same for all types of turbines. For that 
reason, only, so much of the differences in construction of the vari¬ 
ous types as is sufficient to make clear the meaning of some tech¬ 
nical terms generally used in connection with clas.sification will Ih; 
presented.* At the same time the main features of the important 
commercial types will be briefly illustrated. 

368. Types of Turbines. — Turbines are generally divided into 
two classes: the impulse type and the reaction type. Moyer states 
that without further explanation the use of these terms might be 
very misleading, as practically all commercial tjpes of turbine to¬ 
day operate both by impulse and by reaction. The same author 
clearly defines what is meant by the terms as actually applied. 
P'igures 504, 505, and 50O are reproduced from his work. In each 
case A represents an expanding nozzle in which steam is expanded 
from boiler pressure to some lower pressure, thereby acquiring high 
velocity and kinetic energy. In Fig. 504 the blades have single 
curvature, and the steam flows through the blade pas.sage B without 
being turned back upon itself to any degree. If the wheel were held 
stationary, the steam would escape from the blade passages prac¬ 
tically parallel to the shaft axis. The only force that the steam can 

* For full discussion of turbine details see any of the following books: Stodola, 
“The Steam Turbine”; Moyer, “Steam Turbines”; French, “Steam Turbines”; 
Jude, “ The Theory of the Steam Turbine Neilson, “ The Steam Turbine Thomas, 
“ The Steam Ttmbine,” 
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exert upvon the wheel is impulse, and the construction shown typifies 
a pure impulse turbine. If, as in Fig. 505, the blades have double 
curvature, although the blade passage B is otherwise the same, the 
steam will be partly turned back upon itself, a reaction force will be 
produced, and both impulse and reaction will therefore be at work. 
The type of wheel that in practice would be called the reaction 
type is shown in Fig. 506. Note first the change in the blade form 
as compared with the two previous forms. But the main change 




Fig. 504. 


Fig. 505. 



I'lG. 506. 


lies in the fact that the blade passage B allows of the expanhion 
of the steam while passing through it. The nozzle A is so designed 
that only a part of the exjiansion occurs in it, the remainder down 
to back pressure occurring in the passage B. 

The main distinction in practice between impulse and reaction 
turbines apparently lies in the fact that in the first type no exj^ian- 
sion of the steam takes place in the blade passages, while in the 
latter type it does take place. If two pressure gauges were con¬ 
nected to the entrance or exit sides of a wheel, we would therefore 
have an impulse turbine if the gauges showed the same pressure, 
and a reaction turbine if the gauge on the exit side showed a pres¬ 
sure less than the other. Under that definition the wheel shown in 
Fig. 505 is an impulse turbine, that shown in Fig. 506, a reaction tur¬ 
bine, but note that both of these wheels really operate by impulse 
and reaction combined. The following four classes of turbines 
employing the principles above outlined, practically include all 
commercial turbines. 
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369. The Single-stage Impulse Tufbine. — In this turbine the 
wheel is of the type of Fig. 505. The steam expands in. the nozzle 
A, Figs. 507 a and b, down to back pressure, increasing the velocity 



to the maximum. Passing through the blade 
passage B reduces the velocity according to 
the work performed. The curves of Figs. 507c 
and d clearly show the pressure and velocity 
(.d) changes occurring in the steam. 

— The commercial example of this turbine is the 
De Laval, Figs. 508 and 509. In the latter fig¬ 
ure, A is the turbine wheel. Owing to the fact, 
(c) first, that the velocity of the steam leaving the 
nozzle is very high in this turbine, on account of 
the single expansion, and second, that the best 



Fio. 507.—SiNOtB-sTAOE Fio. so8 .—Whell abid Nozzles of De Laval 

IkFDLSE TxrXBINE. TUSBmE. 


peripheral speed of the wheel is about 50 jjer cent that of the steam, 
the peripheral speed of these turbines is quite high (about 1350 feet 
per second). This makes it necessary in general to employ speed- 
reducing devices before appl)dng the power developed to commer¬ 
cial machines. This gear for one of the smaller turbines is indicated 
in Fig. 509 at J, K, L. K' is an electric generator, coupled at M. 
In the larger ^es the pinion J is located between two gears, so that 
the turbine drives two shafts. 
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370, The Multi-stage (Compound) Impulse Turbine. — Two 
kinds of this type of turbine are recognized, according to whether 
the machine has several velocity or several pressure stages. Some 
commercial machines have both kinds of stages, hence the name 
compound. 

Figures 5100 to d explain the operation of a turbine having two 
velocity stages. The operation of the first nozzle A and moving 
passage B is the same as for the single-stage turbine just described. 
Note tliat the pressure and velocity changes are also the same. 
After leaving the passage B, the steam next enters the second 
set of stationary nozzles Ai. These are really nothing but guide 
blades to cause the steam to strike the second set of movable blade 
passages Bi at the proper angle. The velocity curve shows that 
the velocity changed in B, owing to work done, but that little change 
took place in Ai, except that due to friction. I'he second movable 
set Bi then reduces the velocity to the minimum. The advantage 
of this construction over that of the single-stage turbine is that 
the peripheral speed may be kept down. Three- or four-stage 
turbines of this type have been built, but they arc not common. 

Figures 511a to d show the operation of a turbine having two 
pressure stages. In this construction the first-stage stationary 
nozzles A , followed by the movable set of blades B, are practically 
the same as Fig. 507, the single impulse wheel. The same state¬ 
ment holds for the second stage, except, of course, that the pressure 
on the second nozzle. Ai, is the same as the exit pressure from the 
first movable set of blades. Note the pressure and velocity changes 
in Figs. 51 ir and d, as compared with those in Figs. 510c and d. 

The purely velocity-stage type of turbine is apparently not 
much used commercially. Machines using the pure pressure-stage 
principle are the Rateau, the Zoelly, and the Hamilton-Holzworth. 
The pressure and velocity changes, together with the blade and 
guide construction, are well shown in Fig. 512.* A turbine com¬ 
pounding velocity and pressure stages is the Curtis, made by the 
General Electric Company. This machine in the larger sizes is of the 
vertical type. In Fig. 513,! C is the turbine, B the electric genera- 

* l''rench, “ Steam Turbineh,” p. 109. 
t French. Steam Turbines,” p. 117. 
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tor, and D the step bearing upon which the construction rests. A is 
a centrifugal governor which controls the speed through the medium 


of an hydraulic cylinder, which in 
turn controls the opening or clos¬ 
ing of poppet valves by which 
steam is admitted to the various 
nozzles in the first stage. Figure 
514* shows two pressure stages 
from one of these turbines. The 
first set of nozzles A reduces the 




I’lG 512 —Mutn-SrAGi Iurbine Fig. 513.— Curtis TcRBiKt. 

(Fn h PRtSbl RL Stagls). 


pressure and increases the velocity. This set of nozzles is followed 
in the same stage by sets of movable blades and of guide blades, 
in this case three of the former and two of the latter. In passing 
through the movable blades the velocity is reduced, while in passing 
through the guide blades it is kept practically constant. On leaAung 
the last set of mo\ able blades in this stage, the pressure is practically 
the same as it was after leaving the nozzles A. The steam next 
encounters a second set of stationary nozzles Ai in which the pres- 
* rreiith “Steam Turbines/’ p» II4« 
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sure is again reduml with a gain in velocity, and the second velocity 
stage then follows. 

371. The Multi-stage Reaction Turbine. — See Figs. 5150 to d, 
concerning the principles of operation. There are no special noz¬ 
zles, the steam from the steam chest entering at once the first set 
of stationary guide blades A. In these, expansions take place 
and the pressure drops a certain amount with a gain in velocity (see 
Figs. 515c and d). In the movable set of blades B further expansion 
takes place and the pressure drops, but owing to the work dong 
the net result is a loss of velocity. In the second set of guide blades 
.di, the velocity is again increased by a further pressure drop, and 
thus the velocity is alternately increased in the stationary blades 
and decreased in the movable blades, by pressure drop in each 
case, until exhaust pressure is reached. 

One of the most important commercial examples of this type 
of turbine is the Parsons, built by the Westinghouse Machine Co. 



Fro. 516 —Westinohouse-PARSONS Steam TtJKBiNE. 


Fig. 516 shows the construction of one of these machines. Another 
type built by the same company is a double-flow turbine designed 
to avoid the end thrust present in the ordinary construction. This 
machine is, however, really compounded, in that it has a set of 
nozzles with two velocity stages, one intermediate section, and two 
low-pressure sections of Parsons blading,* 


Moyer, “The Steam Turbine,’* p. 173. 
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The AUis'Chalmers turbine is of the Parsons type, the main 
differences being in mechanical details of construction. 

372. Turbines of the Pelton Type (Open-vane or Bucket Tur¬ 
bines). — Turbines of this type were developed by Rateau in Paris 



and by Riedler and Stumpf in 
Berlin. Riedler-Sturapf turbines 
of considerable size were built and 
are in operation. In this country 
these turbines are built by Stur- 
tevant, by Kerr, by Terry, and 
others. The general construc¬ 
tion of the wheels used is ^'ery 
well shown in Fig. 517,* which 
illustrates a Sturtevant wheel. 
The similarity to the ordinary 
Pelton water-wheel is striking. 
Figure 518! shows a section of a 
Kerr turbine having live com¬ 
partments and wheels. The po¬ 


sition of the nozzles with reference to the wheel is well shown in 


Fig- 519-t 



Pig. S18.—Keer Turbine. 

• Moyer, “Steam Turbine,” p. *08. 
t Ibid., p. 213. 











STEAM TURBINES 


817 


373. The Testmg of Steam Turbines. 

— Commercial testing of steam turbines is 

a comparatively simple matter. There is 

no direct way of determining the actual 

work done by the steam in the rotating 

parts of the turbine; that is, there is no 

test quantity analogous to the “Indicated 

Horse Power” of reciprocating engines. 

For an economy, efficiency, or capacity test, 

therefore, the measurements made are the s'y—ttHi.u. and Noz¬ 
zle OF kERF I0EB1NE. 

amount of steam used, the condition of the 

steam at inlet (and in exhaust if possible), and the power output. 

The arrangements for the measurement of steam used are the 
same as for the reciprocating engines. For the purpose of obtain¬ 
ing the best economy, the great majority of turbines are operated 
condensing,'* and the usual type of condenser is the jet. This 
means that in most cases measurement of feed water to the boilers 
will have to be resorted to. 


Depending upon whether the turbine operates upon superheated 
or saturated steam, either a thermometer is inserted or a calorim¬ 
eter is attached to the steam pipe near the main throttle. For 
the precautions necessary to observ'e, see Chap. XIV. It has been 
found that the effect of superheated steam upon economy is more 
marked in the case of turbines than in that t)f reciprocating engines,! 
and many turbines operate on superheated steam. That simplifies 
the determination of steam quality. Concerning the determina¬ 
tion of quality of steam in exhaust, this is desirable as a matter 
of scientific data. If the steam was originally sufficiently super¬ 
heated, it may happen that the steam is still superheated in exhaust, 
in which ense the quality determination consists merely in deter¬ 
mining the pressure and tem]>erature. Where this is not the case, 
the determination of quality in exhaust becomes difficult in con¬ 
densing turbines. The ordinary calorimeter is practically useless 
on account of the difficulty of inducing flow. The shunting of a 


* For discussions of the effect of different vacuums upon economy, see any of the 
works above mentioned. 

t Mainly on account of decreased friction due to elimination of water particles 
in the steam. See works mentioned. 
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part of the exhaust steam through an electric calorimeter, of the 
type of the Thomas, for instance (see Chap. XIV), may solve 
the problem, but while the use of such an instrument is possible 
in a laboratory, it is generally out of question in testing in the field. 


DEPARTMENT OF EXl^ERIMENTAL ENGINEERING, SIBLEY 

COLLEGE. 

REPORT OF STEAM-TURBINE TEST. 

Made by . Date . 

. Turbine Mfg, by . 


Run No. 


1 . 11 . 


in. 


IV 


V. 


1. Duration of test. 

2. Barometer, in. Hg. 

3. Speed, R.P.M. 

4. Steam pressure, lbs. gauge .... 

5. “ “ lbs. abs. 

6. ExJbaust pressure, in. vacuum. 

7* ** ** Iba. gauge . 

8. lbs. aks. 

9. Superheat of steam, deg- Fahr. 

10. Quality of steam, per cent dry. 

11. Condensed steam per hour, lbs. 

12. Volts. 

13. Amperes, line... 

14. ‘‘ held. 

15. total. . 

16. Power output of generator, K.W. 

17. Efficiency of generator, per cent. 

18. Generator losses, K.W.. . 

IQ, Power input to generator, K.W,, or B.H.P. 
20 Power output of steam turbine, internal 
H.P. 

21. Steam consumption per K.W,*hr. Set . 

22. “ ‘‘ “ internal H.P.-hour 

23. B.t.u. supplied per K.W.-hr. Set. .. 

24. “ internal H.P.-hour .. 

25. B.t.u, available per lb. steam. Clausius 

cycle. 

26. Theoretical water rate. Claujsius cycle.... 

27. B.t.u. utilized per lb. steam. Set. 

28. Internal H.P. 

29. Potential efficiency, over all. 

30* based on internal H.P. 

31. Temp, injection water, deg. Fahr. 

32. Temp, disdiarge water, “ “ *. 

33. Temp, condensi^ steam, “ .. 

34. Condensing water per hr., lbs . 

HEAT BALANCE. 

35. Heat supplied, B.t.u. 

36. utilized “ . 

37 ‘ discharged . 

38. “ lost by radiation, leakage, etc., B.t.u.. 
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The question of determining the power output of turbines is 
generally easily solved, because most of them are used for the genera¬ 
tion of electric cmrent. The switchboard readings, therefore, de¬ 
termine the output. This corrected for generator efficiency, which 
can be separately determined or computed but is best obtained 
frmn the builders of the machine, gives the actual mechanical 
work delivered by the turbine to the generator. 

It occasionally happens that the power developed is used in 
some other way. In such a case a fluid friction brake (see Chap. X) 
is best on account of the high speed, especially if the power 
to be absorbed is considejrable. The power developed by marine 
steam turbines is best measured by means of some type of torsion 
meter. 

The f>receding form is convenient for recording tlie data from a 
turbine test and also points out the principal results to be computed. 

374. Computations in Connection with Steam-turbine Tests. — 
If the turbine is tested for economy at a series of loads, Willan’s 
line (see p. 726) should be plotted during the tests as a check upon 
the work, as in the case of a reciprocating engine. The final report 
should show economy curves drawn between steam consumption 
per horse power and kilowatt-hour and output (.see Chap. XVIIl). 

Internal Horse Power. —Where the turbine is driving a gen¬ 
erator, the output will be determined in kilowatts. This is 


transposed to electrical horse power by multiplying by—— = 1.34. 

740 

Dividing the electrical horse power next by the efficiency of the 
generator gives what is the equivalent of brake or shaft horse power 
in a reciprocating steam engine. It has already been pointed out 
that there is no indicated horse power in the case of steam tur¬ 
bines, but in order to make the results of steam turbine tests com¬ 


parable with those of reciprocating engines, the term internal horse 
power is invented. This is obtained from the brake horse power 
by taking into account the mechanical efficiency of a reciprocating 
engine of the same capacity and operated at the same load. The 
assumption of this efficiency’ is, of course, largely a matter of esti¬ 
mation based on the results of available tests. For instance, in a 


test quoted by Moyer, the brake horse power of a 400-K.W. tur- 
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bine was found to be 660. From available data it was assumed 
that the mechanical efficiency of a reciprocating engine would be 
93.3 per cent when operated at the same load and under the same 

660 

conditions. The internal horse power, therefore, is » 708.* 

/933 

Thermal Efficiency. — As in the case of reciprocating engines, this 
is defined as the ratio of the heat equivalent of the work done in a 
given time divided by the heat supplied the turbine in the same time. 


For the mathematical exj^ression 


B.H.P. 5Q4.0 

Internal H.P. (efficiency ~ 

• 04 ). 632.5 

Total steam per hour, lbs, , 73B4 

Steam per internal H.P. per 

hour, lbs. 11.67 

Absolute steam pressure, lbs. 170. o 


Superheat, degrees. 109. o 


Temp, condensed steam.... 95.8 


of this ratio, see Chap. XVIIT. 


Heat in dry and satu¬ 
rated steam, per lb.. 1195.4 B.t.u. 

Heat in superhe^at, per 

lb. 62 o “ 

1’otal heat per lb. of 
steam above 32" F. . 1257.4 

Heat in condensed 
steam. 5^'«L 

Heat in steam per lb. 
above temp, of con¬ 
densed steam. 1205.1 “ 

Thermal elhcicncy 
based on total heat in 
steam above 32® 

«_ ms __ 17 

it. 67 X 1^574 

Thermal efficiency 
based on total heat in 
steam ai>ove temp, of 
condensed steam 

11.67 X 1205.1 


There appears to be some difference in practice as far as comput¬ 
ing the heat supplied in a given time is concerned. In all case.s 
the total heat in the steam supplied is computed above 32 degrees. 
Most authorities subtract from this the heat of the liquid left in 

* It may be stated that "internal horse power” is based upon arbitrary defini¬ 
tion, and that for the purpose of getting an equitable basis upon which to base sci¬ 
entific comparisons it is much better to express the steam or heat consumption of 
either engines or turbines upon the brake horse power. 
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the condensed steam. This introduces a factor into the computa¬ 
tion which is peculiar to the individual plant, depending upon the 
operation of the condensing plant, irrespective of the pressure in 
the exhaust. It is hard to see why, in the computation of a crite¬ 
rion by which the performance of the turbine itself is to be judged, 
any factors independent of the turbine should be considered. It 
is true, of course, that this matter is largely one of definition, and, 
as stated above, the subtraction of the heat of the liquid in the 
condensed steam is usually made. To show the difference that 
occurs in the results when this allowance is made and when it is 
not made, the figures on p. 820 arc quoted from French*: 

Potential (Clausius) or Cylinder Efficiency. — The theoretical 
cycle of the steam turbine is the Clausius, in which there is assumed 
to be adiabatic exjransion of steam from boiler pressure and initial 
quality conditions to exhaust pressure. (See Art. 185, Chap. XI) 
It i.s a simpile matter, for any given condition, to compute the heat 
units that such a cycle renders available per pound of steam assumed 
to be operating, and if the quantity 2545 B.t.u. (which is the heat 
equivalent of 33,000 foot-pounds = i horse-power hour) is divided 
by the heat transformed into work per pound of steam, we evidently 
obtain the number of pounds of steam required by the turbine per 
horse-power hour if it were operating on the theoretical cycle. If. 
further, this theoretical water rate is then divided by the actual 
water rate of the turbine as determined from tests, we obtain an 
efficiency ratio whith has been called potential or Clausius efficiency, 
and is analogous to the cylinder efficiency in rccqirocating engines. 

Let IJ = the heat units transformed into wwk per pound of 
steam operating on the theoretical Clausius cycle, 

and 

W = the actual water rate of the turbine in pounds per 
horse power hour. 

Then the 

Clausius efficiency = -7^; 

li W 

FI may be computed but is most easily determined by means of 
the Mollicr diagram. Fig. 245. 

• These fiRures are slightly changed from the original, Marks’ and Davis’ Steam 
Tables being used. 
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Example. — In the above test figures, quoted from French, the condenser 
pressure is not given, but assume that the exhaust pressure was i pound 
absolute. For 170 p)Ounds absolute pressure and 109 degrees of superheat, the 
diagram gives 1257 B.t.u. per pound of steam, as closely as it can be read. 
From the point in this diagram denoting this condition of steam, drop verti¬ 
cally downward (adiabatic or isentropic change) until the i-pound absolute- 
pressure line is reached. The quality of the steam has dropped to 80.2 per 
cent, while the heat content is now 896 B.t.u. per pound. Thus the theoretical 
cycle renders available H »■ 1257 — 896 - 361 B.t.u. The theoretical water- 


rate is therefore => 7.05 pounds per horse-power hour. Since the actual 
361 

water-rate based on the internal horse power was 11.67 pounds, the correspond¬ 


ing Clausius efficiency is 

11.67 


60.4 per cent. 


375. Separation and Estimation of Steam-turbine Losses. — The 

losses occurring in steam turbines may be classified as follows: 

I. Losses in nozzles and blades, owing to imperfect action of the 
steam in its passage. The greater part of this loss i.s in 
the blades, the nozzle efficiency being in most cases over 


95 per cent. 

2. Disk and blade friction, due to the rotation in the steam. 

Also windage losses in electric generator. (Together called 
rotation losses.) 

3. Leakage of steam through clearance spaces vrithout doing 

work. 


4. Bearing and stuffing-box friction losses. 

5. Loss due to radiation. 

The sum total of these los.ses is measured by the difference be¬ 
tween 100 per cent and the Clausius efficiency, based upon the brake 
horse power, not the internal horse power. Thus, in the figures 

B H P 

above given, the equivalent mechanical efficiency ^ 

Internal H.P. 


is assumed = 94 per cent. Hence, based upon the brake horse 
power, the Clausius efficiency in the above example would have been 
.94 X 60.4 = 56.7 per cent. The sum of the five losses above 
enumerated is, then, 100 — 56.7 — 43.3 per cent. 

A first attempt at separating the individual lo^es may be made 
on the basis of Willan’s line. In Fig. 520, let AB be the curve 
of total steam consumption per hour. Compute the data for the 
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line OC, which is the line of total steam consumption for the turbine 
operating on the theoretical Clausius cycle. Since there are no losses, 
this line will pass through the origin O for no load. Through O 
draw also the line OB' parallel to AB. Prolong the line BA to D, 
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Fig. 520. —Determination of Turbine Losses. 


The line AB shows that there is a certain quantity of steam, 
represented by OA, used per hour when the turbine is delivering 
no power and simply turning over against its own resistances. 
The power thus expended and lost is measured by the distance OD, 
and is represented by losses 2, 4, and 5, enumerated above. These 
losses are fairly constant and independent of the load. Hence 
they can be eliminated by drawing in the line OB'. The rest of 
the losses may be considered varying with the load,'and are repre¬ 
sented in the diagram by the widening distances between lines 
OB' and OC as the load increa.ses. 

To determine the percentage of the losses at any given load, 
say Bf draw through B the line ^I'C. Distance A'C shows the 
power that the .steam used should have produced had there been 
no losses. Distance A'B is the power actually produced. Hence, 

-rj~ «= the Clausius efficiency. The distance BC represents total 
A O 
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power lost. Of this the part BB' \s due to the constant losses and 
B'C to the variable losses. 

The further subdivision of the two classes of losses is not a simple 
matter and the reader is referred to steam-turbine treatises for 
detailed information. 

376. Method of Correcting the Results of Steam-Turbine Tests 
for Standard or Guarantee Conditions. — Contract guarantees 
generally state that a steam turbine will operate on not to exceed 
a certain steam consumption per K.W.- or B.H.P.-hour for a certain 
absolute steam pressure at the inlet, a certain quality of steam 
(usually superheat), and a certain vacuum. It occasionally happens 
that on an acceptance test one or the other of the conditions speci¬ 
fied cannot be exactly met, and the question then arises as to what 
allowances shall be made mutually satisfactory to manufacturer 
and purchaser. The same question also comes up when it is desired 
to compare turbines of the same size but of different types with 
respect to steam economy, if the test figures available were not 
obtained under the same conditions of pressure, suj)erheat, and 
vacuum. 

The method of correcting is in both cases the same. In the for¬ 
mer case the test figures are corrected to the guarantee conditions, 
while in the latter c.ase some standard set of conditions (usually 
about the average of two sets of actual conditions) is assumed and 
all the results are computed to this standard. In eitlier case it is 
of course necessary to obtain certain data on the change of economy 
with a change of any of the three conditions named. Such data 
can, in nearly all cases, be obtained from the manufacturers. In 
contract guarantees it is common for the manufacturers to give 
tables showing the allowances to be made in specific cases. 

How the corrections are computed for full load is perhaps best 
shown by a concrete example. The figures are quoted from Moyer, 
“Steam Turbines,” Chap. VI. Fig. 521 shows the three correction 
curves for full load furnished by the manufacturer for a 125-K.W, 
turbine. 

This turbine, with 175 pounds absolute admission pressure, 27.5 inches 
vacuum, and 50 degrees of superheat, showed a steam consumption at full 
load of 24.5 pounds per kilowatt-hour. It is desired to recompute this to the 
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basis of 1:65 pounds absolute pressure, 2$ inches vacuum, and o degrees super¬ 
heat. 

Curve 1 , Fig. 521, between 27 and 28 inches vacuum, shows a gain of 1.0 
pound in steam consumption, hence the correction should be a subtraction of 
.5 pound from the observed steam consumption, since the new basis shows an 
increase of i inch vacuum. 

Curve II shows a gain of 2 pounds in the steam consumption for an increase 
in superheat from o to 100 degrees. The correction should therefore be an 



addition of t pound to the observed steam consumption, because the new 
basis shows a loss of 50 degrees of superheat. 

Finally, Curve Ill shows a gain of 4 pounds in the steam consumption for 
an increase of 80 pounds in the admission pressure. Hence the correction 
should be an addition of .5 pound to the observed water-rate, since the new 
basis shows a loss of 10 pounds admission pressure 

The corrected steam consumption therefore is 24.5 - .5 + i.o + .5 = 25.5 
pounds per kilowatt-hour. 

Correction for fractional loads Q- load to i| load) may be made 
in a similar manner by aratioor percentage’’ method, on the 
assumption that the percentage correction found at full load applies 
also at any other load. This is very nearly true for any but the 
very low loads. 
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To explain the method, it will be found from Curve I that the consumption 
for 27.5 inches vacuum is 25,6 pounds, while for 28 inches vacuum it is 25 pounds 
per kilowatt-hour. Obviously the percentage correction, from the 27.5 inches 

to the 28 inches basis, is ^ « — 2.34 per cent. This correction is nega- 

25.6 

tive (that is, a subtraction) because the new basis of computation shows a 
better vacuum and hence better economy, as already stated. Similar per¬ 
centage factors may, from Curves II and III, also be computed for changes of 
superheat and of admission pressure, keeping in mind always to designate the 
factors by a minus sign if the change from the actual to the assumed basis is 
a gain of economy, and using the plus sign if the change is accompanied by 
an increase in the steam consumption. For this particular case the following 
table shows the final result: 


1 

Test Conditions. 


Steam Cons. 
Lba, per 
K.W.-hr. 

Vacuum, inches. 

27 5 

25.6 

Superheat, deg. F_ 

50.0 

24.0 

Abs. press, adm. 

1750 

24.3 


Assumed Conditions. 

Correction 
Ratio. 1 

Correction 

Percentage. 


Steam Cons., 
Lbs. per 
KW.-hr. 

28.0 

250 i 

25 6 X 25.0 

-“ 2.34 



25 6 


0.0 

250 

25 0 X 24 0 

+4.17 



24 0 


165.0 

24.8 

24.8 - 24.3 

+ 2.0t> 


i 

24 3 

-- 


Net correction... 

3 Sy 


Finally, the following table shows the results obtained for this turbine at 
fractional loads and the percentage correction applied to them: 


j 

j 

i 

i 

i i 

.-. -..,.-..1 

FuU. 

li 

Steam consumption from tests, lbs per K.W.-hr. 

31 2 

26.0 

i 

35 * 2 i 

24.5 

23.6 

Net correction, +3. 89%. 

1 2 

I . I 

I 0 

1.0 

0 9 

Corrected steam consumption, lbs, per K.W.-hr, 

324 1 

1 

28 0 j 

26.2 j 

1 

25 5 

24.s 






CHAPTER XX. 

THE TESTING OF INJECTORS. 

377. General Theory of the Instrument. —An injector is an appa* 
ratu.s in which a jet of vapor from a nozzle strikes upon, and is con¬ 
densed by, a mass of liquid, with the result that the combined mass 
of liquid and condensed vapor gains kinetic energy comparable 
with that which a similar liquid mass would gain by discharge 
through a nozzle under the same pressure as that driving the vapor 
jet. The underlying principle which makes the injector possible 
is that the velocity of discharge of a gas or vapor from a nozzle, 
under a certain difference of pressures through the nozzle, is con¬ 
siderably greater than tl\e corresponding velocity for a liquid under 
the same pressure conditions. The greater velocity for the gas 
or vapor arises from a transformation of part of the heat energy 
content of the gas or vapor into mass-velocity energy, a trans¬ 
formation that either does not occur at all, or only in slight amounts, 
for liquids. This extra velodty energy of the vapor then becomes 
available to force both the condensed vapor and svjme additional 
condensing liquid from the lower to the higher pressure. The 
vapor jet and the condensing liquid may be different substances; 
in practice, however, the vapor is steam and the condensing liquid 
water. 

The necessary parts of an injector are three: the steam nozzle, 
the combining tube, and the delivery tube. See Fig. 522. 

The steam nozzle should so control the flow of the steam supplied, 
that in dropping the pressure from the supply pressure to the 
pressure of the combining space, the steam should gain the maxi¬ 
mum possible velodty; that is, the nozzle expansion should be 
isentropic. 

The pressure in the combining space, the lower of the two pres¬ 
sures between which the nozzle works, cannot be lower than, and for 
perfect action should be as low as, the vapor pressure determined 

Bar 
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by the temperature of the suction water entering the combining 
space. This definition of the theoretical pressure in the combin¬ 
ing space is of the utmost importance in the determination both 
of the efficiency and of the limits of operation of the injector. 

In the combining tube, the energy exchange of velocities between 
water and steam is by impact. Hence the flows of water and steam, 
as they come together, should be as nearly as possible in the same 
direction; any cross velocities result in loss of efficiency of impact. 
Low efficiency of impact means that the kinetic energy of the 
steam is spent in heating the water rather than in giving it kinetic 
energy. The further function of the combining tube is the con¬ 
densation of the steam in the water. The steam, in the usual case 
of being initially nearly dry and saturated, decreases in quality 
during the isentropic expansion in the steam nozzle, coming from 
the nozzle some lo or 15 per cent wet. The condensation is not 
completely finished in the combining tube. It cannot be comi)lete 
until sufficient velocity head of flow is changed to pressure head 
that the pressure equals or exceeds the boiling pressure coire- 
sponding to the temijerature of the fluid. The maximum velocity 
of flow, and hence the lowest pressure head, occurs at the end of 
the combining tube and beginning of the delivery tube; the pressure 
necessary for complete condensation of the steam is therefore not 
attained imtil the fluid mass is part way through the delivery 
tube. 

The function of the delivery tube is to change velocity head to 
pressure head. The fluid enters the lielivery tube with very low 
pressure and very high velocity (see the pressure and velocity dia¬ 
grams in Fig. 522); it leaves the tube with j)ressure equal to the 
discharge pressure and almost negligible velocity. In the delivery 
tube, as in the steam nozzle, the first condition for highest me¬ 
chanical efficiency (lowest friction loss) is that the change of 
section area along the length of the tube shall be such as to give 
uniform acceleration to the fluid handled. The second condition 
is that the tube shall be as short as possible with avoidance of 
eddy currents in the stream; this reduces skin friction to a min¬ 
imum. As explained above, the completion of condensation of the 
steam occurs in the delivery tube. 
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378. Practical Construction and Operation. A distinction may 
be made between injectors proper, which are intended to discharge 
against a pressure equal to or greater than the steam pressure, and 
ejectors, discharging against a lower pressure than that of the steam. 
Injectors proper handle correspondingly smaller amounts of watei 
than do ejectors. 

Injectors now on the market may be classified as: 

la. Automatic or restarting, when the mere opening of the steam 
valve is all the handling necessary to bring the instrument into 
operation. 

16. Nonautomatic, when manipulation of steam, water, and 
overflow valves is necessary each time the injector is started. 

2fl and 2b. Single tube or double tube, depending upon whether 
the instrument has between the suction and discharge ends one 
single set of steam nozzle, combining tube, and delivery tube, or 
two such sets in scries with each other. Each type may be auto¬ 
matic (2a) or nonautomatic (aft) 

3a and 36. Lifting or nonlifting, according as the instrument 
can, in starting, pick up its supply water through an appreciable 
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suction head, or requires that the supply water be received at the 
instrument under some pressure. Each 1)^)6 may again be auto¬ 
matic (30) or nonautomatic (3^). 

40. Live steam injectors draw their steam directly from the 
boiler. 

4^. Exhaust steam injectors operate on exhaust steam from some 
steam user such as an engine or pump. Exhaust steam injectors 
usually require auxiliary live steam supply. 

5a and 56. Compensating or noncompensating, depending upon 
whether the relative positions or sizes of the various nozzles and 
tubes may be adjusted to best suit various operating conditions, or 
whether these parts are fixed in size and position. Compensation 
may or may not be automatic. 

10. Automatic starting is secured by using some form of divided 
combining tube. When steam is turned on it flows through the 



Fro. 533.—SiNotE-ToBK Axjtouktic LnrxiNG Injector (Penberthy). 

steam nm^ and the first part of the combining tube, then escapes 
into the overflow space, and from this space into the air through a 
large and easily moved check valve. Flowing in this way, the 
steam rapidly sucks the air from the suction water line, and draws 
water into the instrument. As soon as enough water enters to 
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thoroughly condense the steam, the combined mass flows through 
the delivery tube and passes the delivery check valve. The pres¬ 
sure in the overflow space then drops to less than atmospheric, 
and pressure relations along the combining and delivery tubes are 
used to cause an automatic closing together of the hitherto divided 
parts of the combining tube. An automatic injector will restart 
itself after any temporary interruption of action, provided the 
steam is left on. 

li. Nonautomatic injectors generally start by manipulation of 
the size and position of the steam nozzle. The overflow valve may 
or may not be automatic. 

2. Double-tube injectors use one set of tubes for lifting and one 



Fig. 524. — Double-Tube Nonautomatic Lifting Injector 
(SchUtte-K oertino ) 

for forcing. They have, in general, a wider operating range than 
single-tube injectors. 

3. The sizes, forms, and relative positions of steam nozzle and 
combining tube determine whether an injector is lifting or non¬ 
lifting. 

4. Exhaust steam injectors are usually double-tube injectors, 
using exhaust steam in the lifting set of tubes, and exhaust steam 
with or without auxiliary live steam in the forcing set of tubes. 
Whether or not live steam is necessary is determined by the pres- 
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Fig. 526. —Automatic Liftinc Ejtctor 


sure of the exhaust steam and the pressure against whicli the dis~ 
charge must go 

5. Nonautomatic injectors are generally more or less compen- 
sating, through possible changes in relative positions of parts 
Double-tube injectors are partially compensating because of the 
differentiation of functions 
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Figs. 523, 524, 525 and 526 illustrate various forms of injectors. 
Fig. 525, by the omission of the ejector nozzle A and valve / and 
their connecting passages, becomes a nonlifting injector. 

37Q. Efficiency of Injectors. — The injector may be considered in 
two ways: as a mechanical pump, and as a device for supplying hot 
feed water. 

Viewing the injector merely as a pump, the energy input is 
measured by the weight of steam supplied in unit time multiplied 
by the heat energy in one pound of steam above 32° F., under the 
observed conditions. The output is measured by the weight of 
flischarge water multiplied by the total head through which it is 
lifted. In this view of its operation the injector is analogous to a 
piston steam pump which condenses its exhaust steanr in its suction 
water, and discharges the combined mass of suction water and 
condensed steam. No credit is here given the injector for the 
fact that the water is heated as well as moved. 

Wh('n used as a boiler-feeding device, or as a pump where the 
heating of the water handled is an object, the injector must be 
credited with both the pump work done and the heating effected. 
The only loss is then the so-called “ radiation loss ” of heat from 
the injector and its piping, as all friction losses in the flow of steam 
or water reappear as heat in the discharge. As this “ radiation ” 
is quite negligible in comparison with the heat quantities in the 
steam, the heat efflciency of the injector is very nearly 100 per 
cent. 

Let w = pounds of steam supplied }x;r unit of time. 

Z/ = the “ total heat ’’ per [)ound of such steam as supplied 
- 2-r ^ or X + CpD. 

V - velocity of the steam, ft. per sec., at the point where ff 
is determined. 

kp, = distance from injector to center of steam gauge. See 
Fig. 527. 

J— the mechanical equivalent of heat = 777 - 5 - 

Then the total energy supplied to the injector in steam in unit 
time is 

„ , , ail* T, . 

U)ff + -7^ + —jB.tu., 

J 2gj 


(1) 
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or wHJ + wh„ 4 - -ft.-lbs. (2) 

I^t IF =■ the poxmds of suction water in unit time. 

pc — the absolute vapor pressure in lbs, per sq. in. corre¬ 
sponding to the suction water temperature. 

Pd == the discharge pressure, lbs. per sq. in. abs. 
hd => the head in ft,, down to the injector, from the center 
of the discharge gauge. See Fig. 527. 
p, = the suction pressure, lbs. per sq. in. abs. 
h, =* the head in ft., from injector down to the center of 
the suction gauge. See Fig. 527. 

V — the discharge velocity, ft. per sec., at point where pd 
is measured. 

5 — the density of the discharge water in lbs. per cu. ft. 
Then useful work done in lifting suction water is 


w{a,+ Arf 4--^-f-i44)ft.-]bs. in unit time, (3) 
\ 2 g 6 / 

and useful work done in lifting condensed steam is 

iv(/id + — + • 144) ft.-lbs. in unit time. (4) 

\ 2 g S / 


Note that in these equations Pd, p„ and p, are expressed in pounds 
per square inch absolute. 

The pump efficiency of the injector is the sum of (3) and (4) 
divided by (2), or 


W\K-^hd- 


^ lUiPd- 

JJ. _ 


J&!l| 


^-1- (5) 


wHJ+wh„-{- 


_ 

2g 


Let q, == the sensible heat of water at the suction temperature. 
qd — the sensible heat of water at the discharge temperature. 

Then the kCat accounted for already in the suction water is Wq,\ 
the heat accounted for in discharge is (W + w) qa- The differ¬ 
ence is (W -f w) qd —Wq,. Note that this heat increase includes all 
the mechanical friction losses, such as friction head losses in suc¬ 
tion aiid discharge, and impact losses in the injector. If the in- 
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jector be credited with this heat gain as well as with the useful me- 
chanical work done, we have as the heat efficiency of the injector 

w j A,+ j +«,| j +/ j IVg, j 






In the above equations, as circumstances change, various quan¬ 
tities may become negligibly small. The one quantity which will 
almost always be negligible is the terra in the denominators 
of Eqs. (s) and (6). 

Equation (6) .should give practically 100 per cent. The magm'tude 
of the “ radiation ” loss from an injector and its piping should be 
of the order of o.i to 0.5 of one per cent of the heat supplied in 
the steam. 

380. Testing of Injectors.—One type of testing apparatus isshown 
in diagram in Fig. 527. It is based upon one de.signed and described 



by Schrauff in the Zeitsckrift des Vereines deulchser Ingenieure, 
some modifications being made. The idea is to have continuous 
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flow in a dosed drcuit. In passing through the injector, the water 
experiences both a pressure and a temperature increase. The tem¬ 
perature is again brought back to the initial by means of the 
cooling tank A, while the pressure is reduced and controlled by a 
valve jB in the suction pipe to the injector. The discharge pressure 
is controlled by valve The steam pressure on the injector is 
regulated by valve D. The quality of the steam below valve Z) 
must be determined. Four gauges, £, F, G, and II, of which G 
should be a compound gauge, serve to measure the main steam 
pressure, the steam pressure on the injector, the suction pressure, 
and the discharge pressure, respectively. The quantity of water 
flowing through pipe / consists, of course, of the .sum of suction 
water plus condensed steam. This flows into a tank J which serves 
both as an air-separating tank and as a “ steam-level ” tank. The 
air which separates goes to the top of the tank and may be allowed 
to escape through the air valve K. 

Temperatures are read at L (steam), M (suction water), N (dis¬ 
charge water), and 0 (in level tank). 

To make a run, start the injector and adjust valves D, B, C, 
cooling water control valve P, and condensed steam control valve Q, 
so that the desired pressure and temperature conditions are estab¬ 
lished, and so that the water level in tank J remains at one point 
as noted on the gauge glass. When constant conditions are estab¬ 
lished, the run may be started and continued as long as desired. 
The actual quantity of suction water handled may be determined 
by any good meter. In the diagram, a Venturi meter R is indicated. 
The condensed steam is caught and weighed in tank S. To make 
certain that there is no loss at this point from vaporization, it is 
well to have both the condensed steam and the air pipe dip into 
cold water. 

Rough testing of an injector may be done with a pair of similar 
tanks on scales, drawing suction water from one tank and discharg¬ 
ing into the other. The suction and discharge piping running down 
into the tanks must then be of the same size, and end fittings the 
same, to avoid displacement errors in weights. The suction tank 
readings give the rate W ; the discharge gives (W -f w). The values 
of te so obtained are subject to large errors. It is perhaps better 
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to compute w from the observed value of by means of Eq. (6), 
on the assumption that heat efficiency = 100 per cent. 

The independent variables entering into the injector operation 
are: 

(1) Steam pressure and heat content of steam. 

(2) Suction pressure. 

(3) Suction temperature. 

(4) Discharge pressure. 

When an injector is used as a boiler feeder (r) and (4) are equal; 
more precisely, (4) just exceeds (i). 

An injector test should include the following runs: 

1. With suction pressure and temperature constant at average 
values, take a series of steam pressures and for each steam pressure 
vary the discharge pres.sure from the lowest to the highest under 
which the injector will ojx'rate. Between the lowest and highest 
discharge pressure for each steam pressure, choose three or four 
other discharge pressures in a series in order to obtain five or six 
points for a curve. 

2. With steam and discharge pressures adjusted at any desired 
points (usually taken as the pressures of regular ordinary operation), 
aiul for an average suction lift or jm'ssure, make runs with a 
series of temperatures of suction water, continuiiig to increase the 
temjxrature until the injector “ breaks,” that is, refuses to operate, 
the discharge either going out of the overflow or the steam blow¬ 
ing down the suction pipe. Make sufficient runs to determine a 
curve. 

3. With the same steam and discharge pressures as under 2, and 
with an average suction temperature, make a series of runs with 
varying suction lifts or pressures, increa.sing the lift until the injector 
breaks. 

Of the following forms, the first may be used for recording the 
observations, tlie second shows the principal data that should be 
reported, together with the items to be obtained by computation. 

The best method to show the limits of operation of the injector, 
efficiency, etc., is to plot certain curves. The most useful of these 
are the following: 
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(o) For the suction pressure and temperature under (i) above, 
plot as absdssae steam pressures, and as ordinates 

1. Values of w. 

2. Values of W, maximum and minimum, or 

* * 

3. Values of maximum and minimum, also 

W 

4. Values of maximum discharge pressure, and 

5. Values of minimum discharge pressure. 

DEPARTMENT OF EXPERIMEOTAL ENGINEERING, SIBLEY 

COLLEGE. 

Test of . Injector Made .19, 


Dia. Suction Pipe . Dia. Discharge Pipe . , By 

Dia^ Steam Orifice . Dia. Water Orifice . 






















THE TESTING OF INJECTORS 


839 


MECHANICAL LABORATORY* SIBLEY COLLEGE, CORNELL 

UNIVERSITY. 

DATA AND RESULTS OF INJECTOR TEST. 

l^esi of . Jnjeclor Date .191.... 

Vertical Distance from Injector to Center Made by ... 

of Steam ^auge ^ kw /L..... . 

Vertical Distance from Injector to Cenier . 

of Discharge gauge Ad /L.... Barotneler Reading . 

Vertical Distance from Injector to Center 
of Suction Gauge h» ft . 

Run No. 1 23456 

_____I___ 

Duration of test, minutes. .... . 

Boiler pressure, by gauge . - . . 

Steam pressure on injector, by gauge. . . 

Stearm pressure on injector, aosolute . 

Suction pressure, by gauge.. .. . . 

Suction pressure, absolute, . . ... 

Discharge pressure, by gauge.... 

Discharge [)ressure, absolute, ^ pd - *. . 

Pressure corresponding to suction water 

temp., absolute, . ... . . 

Total discharge head in feet. -I. 

Total suction head in feet. . . . . , j . 

Steam supplied per hour*®w'. . 

Suction water per hour»R’^. 

Ratio W-^w . . .. . 

Velocity of steam at point where pres¬ 
sure is measured, ft., i>cr sec, *= e .. . 

Velocity of discharge at point where pres¬ 
sure is measured, ft., i)er sec., * Y. . .... 

Density of discharge water, lbs. per cu. 

ft. . . . 

Quality of steam, moisture, or suiwjrhcat . . 

Sensible heat of water at suction temp., 

. . . . . 

Sensible heat of water at discharge temp., 

B.t.u., . ... . . 

Total heat per pound of steam supplied, | i 

B.t.u.,//. j . . ... . 

Total energy supplied to injector per) 

hour, B.t.u. : . . .'. 

Total energy supplied to injector per j 

hour, ft.Jbs. !. . . 

Useful work done in lifting suction water, 

B.t.u..... 

Useful work done in lifting suction water, 

ft.dbs. ... . 

Useful work done in lifting cond. steam, 

B.t.u. . 

Useful work done in lifting cond. steam, 

ft.-lbs. ... ... . • • ■ . 

Pump efficiency of injector, per cent... . 

Heat efficiency of injector, per cent — . 
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(b) Wili steam and suction pressures constant at the probable 
working values, plot as abscissse suction temperatures, ordinates 
same as under (a). 

(c) With steam pressure and suction temperature constant at 
the probable working values, plot as abscissas suction pressures, 
ordinates same as under (a). 

If all of the curves listed above should be determined and plotted, 
they would show the operation of the instrument in so complete 
a fashion as to answer any of the questions which would be likely 
to arise in any commercial practice. 

An injector is peculiarly sensitive to A'ariation of suction temper¬ 
ature. This sensitiveness will be explained by considering the heat 
energy available in isentropic drop from the initial condition of the 
steam to the vapor pressure corresponding to the temperature of 
the suction w^ater. It will be found that the available heat energy 
falls very rapidly as the suction temperature rises. 



CHAPTER XXI. 

GAS ENGINES AND GAS PRODUCERS. 

381. Types of Gas Engioes. —- Ail gas engines belong to the class 
of internal combustion engines. (See introductory paragraph, 
Chap. XXII.) Without reference to any types that may have been 
tried and abandoned during the past, we, at the present day, dis¬ 
tinguish only two fundamentally different tyj>es of internal com¬ 
bustion engines. The distinction is based upon how the combus¬ 
tion proceeds, whether at constant volume or at constant pressure, 
and we (herefore have, as a primary classification, constant volume 
and constant pressure engines. 

In engines operating upon the constant volume cycle, the com¬ 
bustible charge is compressed and then exploded at the inner dead 
center position of the piston. This results in practically constant 
volume tombustion. The cycle is completed by the expansion 



stroke following, the burned gases being discharged after the open¬ 
ing of the exhaust valve, largely at constant volume. This is 
the theoretical cycle, which, from the inventor who first applied 
it successfully in commerce, is also called the Otto cycle. For the 
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' efficiency computations on the basis of this theoretical cycle see 
p. 349. 

In practice, engines operating upon the constant volume or 
Otto cycle are divided into two classes, depending upon the method 
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of charging and discharging the cylinder. We distinguish accord¬ 
ingly 4-cycle and 2-cycle engines. The terms four-stroke cycle 
and two-stroke cycle engines would be more strictly correct, but 
are too cumbersome, hence the shorter designation. 

In 4-cycle engines, the charging and discharging actions are carried 
on by the engine cylinder itself, the latter acting as a pump for two 
strokes. Fig. 528 shows a conventional 4-cycle indicator diagram, 
the lower part of the diagram, the so-called lower loop, being some¬ 
what exaggerated for the sake of dearness. The strokes arc marked 
in order. Stroke i is the stiction stroke, the piston on its outstroke 
drawing in the new charge behind it. Stroke 2 is the compression 
stroke. At the end of this instroke the charge is exploded, the 
pressure increasing at constant volume. Stroke 3 is the expansion 
stroke. Near the end of this stroke the exhaust valve opens and 
on the next iastroke, the exhaust stroke, the piston drives the 
burned gases out ahead of itself, after which stroke i is repeated. 
The corresponding valve movement may be studied by aid of 

Fig. 529 - 

In a 2-cycle engine, the suction and exhaust strokes of the 4-cycle 
engine are eliminated, the cylinder being charged with fresh mixture 
and cleared of burned gases by agendes other than the action of 
the power piston of the engine. The power cycle is complete 



in two strokes and there is no lower loop to the diagram, the work 
of charging and discharging represented by the loop area being 
done in an outside pump of one type or another. Fig. 530 shows the 
typical 2-cyde diagram. The mixture, compressed by the instroke 
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of the piston, is ignited at point a. Expansion takes place from b 
to c. At c the exhaust ports open and the pressure drops rapidly 
to nearly atmosphere. Soon after point c is passed, the inlet valve 
opens and fresh mixture is forced in by the outside pump. At d 
the piston starts to return, and at e the exhaust port and inlet valve 
close; compression then begins. The charging and discharging 




S.?i-—O peration of 2<;vci,e Engine. 


actions evidently take place while the power piston is moving from 
c around d to e. The burned gases escape partly by their own 
expansion while the rest is forced out by the fresh mixture coming 
in. It is evident that the exhaust ports must close, whatever design 
of inlet and “xhaust ports is used, before the combustible mixture 
reaches the exhaust ports. Otherwise there wiU be a serious loss 
of fuel. 

A conventional sketch of a type example of such an engine is 
shown in Fig. 531. It consists of a power cylinder with separate 
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charging pump, whose crank leads the main crank by a certain 
amount (in this case about 90 degrees). 

In the upper sketch the mixture is just being exploded and the 
piston .starts on the outstroke (point a, Fig. 530). In the meantime 
the charging pump is drawing in the next charge. In the lower 
sketch the power piston has opened the exhaust ports (point c in 
Fig. 530), the hot gases have largely escaped, and the charging pump 
piston, being now on its instroke, is forcing a new charge into the 
power cylinder under some slight compression. When the power 
piston, on its return, closes the e.\haust ports and the inlet valve 
to the cylinder also closes, compression begins (point e in Fig. 53c). 

In practice, nearly all medium or large sized 2-cycle engines are 
built with separate pumps as described. In some cases, to cheapen 
the construction, or to make it more compact, the front end of the 
power cylinder is enclosed, thus converting that end into a charging 
pump. A large variety of small, vertical, 2-cycIe engines are built 
in which the entire crank mechanism together with the lower end 
of the cylinder are enclosed, and this space is used as a charging 
pump. Most small 2-cycle marine engines are constructed in this 
way. In both of the latter modifications the power piston also 
acts as the pump piston, but not in the power end of the cylinder. 

The only commercial example of the constant-volume engine is 
the Diesel. Its operation is very similar to that described above 
for the constant volume type. The difference is that only air is 
compressed .and that to the imudmum pressure existing in the cycle. 
Then at or near the inner dead center, the liquid fuel, which is 
always used, is injected into this bexly of air, highly heated by 
compression. The result is combustion at practically constant 
pressure until the fuel valve cuts off. Then follow expansion and 
exhaust in the regular manner. 

The student is referred to Chap. XVI, for type examples of 
actual indicator diagrams from gas and oil engines. 

Gas engines may be made singk or double acting. In a double¬ 
acting gas engine, each cylinder end is used for power development, 
the engine being built with piston rod, crosshead, and connecting 
lod, as in a steam engine. In this design, a 2-cycle engine will 
receive an impulse every stroke, just like a steam engine. 
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As far as cylinder arrangement is concerned, we distinguish the 
following; 

Tandem. — AU the cylinders are in line acting on the same 
crank. Not more than two cylinders are usually employed, and 
these may be either single or double acting. 

Dcmbk, two-cylinder, three-cylinder engines, etc., according to the 
number. The cylinders are placed side by side, usually acting on 
as many cranks as there are cylinders. May be single or double 
acting. 

Double-tandem. — Usually four cylinders, two each in tandem, 
acting on two cranks. May be single or double acting. 

Opposed Arrangement. — Two or four cylinders opposed to each 
other, in the latter case in pairs. Any two opposed cylinders may 
act on the same crank, or each cylinder may have its own crank. 
Usually built single acting. 

382. Gas Engine Fuels. — The combustible charge in a gas engine 
cylhidcr at the moment of exi)lo.sion always consists of a mixture 
of a gas or of an oil vapor with certain quantities of air. The 
exj>tosibUity of these mixtures, <as well as their characteristics in 
general, depend upon the proportion of fuel to air present. For a 
discussion of this matter, the student is referred to books on gas 
engines. It is desired to point out here merely the fact that the 
combustible part of a charge is always a gas or a vai)or, irrespective 
of the original state of the fuel. 

All three classes of commercial fuels, that is, the solid, the liquid, 
and the gas fuels, are used, but only the gas fuels can be us(‘d directly 
in an engine. The liquid fuels must first be vaporized or atomized 
in carburetors, vaporizers, or spray nozzles, while the solid fuels must 
be converted into producer gas in special apparatus called producers 
or generators. 

The gas fuels most used in gas engine practice are: illuminating 
gas, natural gas. blast furnace gas, and producer gas. Any of these 
gases are fixed or permanent gases, and it is merely necessary to 
furnish the engine with suitable mixing valves to maintain the 
proper proportion between gas and air. 

The liquid fuels are generally divided into two classes: the light 
or volatile liquids, and the heavy liquids. To the former belongs 
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gasoline, while kerosene, the so-called distillates, and crude oils 
belong to the latter class. Alcohol holds a somewhat intermediate 
position. The distinction between the two classes is not very 
sharply defined. Generally it is stated that the light liquids can 
be successfully converted into fuel gas or vapor without the agency 
of heat, while the cla-s of heavy liquid fuels usually requires heat. 
The use or nonuse of heat is apparently also the distinguishing 
mark between carburetors and vaporizers. Thus the apparatus 
u.sed for the formation of the fuel gas in the case of gasoline is called 
a carburetor, the air merely passing through and taking up a 
sufficient quantity of the volatile liquid. In the case of alcohol, 
kerosene, or crude oil, this simple scheme is not applicable, these 
liquids not being sufficiently vtilatile at ordinary temperatures to 
form a combustible mixture with the air passing through the appa¬ 
ratus. It is necessar)' to apply heat to hasten volatilization (vapor¬ 
ization) and (he apparatus u.sed is then known as a vaporizer. 

It is true that in some engines any of the liquids above mentioned 
are atomized or sprayed directly into the engine cylinder without 
first going through the process of volatilizing or vaporizing. It 
will generally be found uix)n examination, however, that (except 
perhaps in the case of the constant-pressure engines, like (he Diesel) 
the fuel is sprayed into the cylinder at such a part of the cycle that 
sufficient time is available for the finely-divided oil “ fog ” floating 
in the charge of air to va}X)rize largely before ignition ttikes place. 

The solid fuels, such as wood, peat, lignite, coke, and the various 
classes of coal, are gasified in producers, as has lieen already men¬ 
tioned. The manufacture of producer gas has giown to be of 
great economic importance, so that the principles underlying the 
process merit some detailed discussion. 

383. Producer Gas. — Producer gas is a composite gas consisting 
mainly of CO, H2, CO*, N*, and certain other gases resulting from 
the distillation of the green fuel used. The producer-gas process 
is essentially a combination of the air- and water-gas processes. In 
the former, a fuel column is supplied with air alone under certain 
conditions of control, and the resulting gas consists of CO, (iO*, and 
Nj. In the water-gas process, water vapor (steam) alone is forced 
through a fuel column which has been previously made incandes- 
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cent by blowing air through it. The result is a gas consisting of 
Co, COj, and The reactions occurring during the time that 
water gas is being made absorb heat, and the process is combined 
with a continual cooling of the generator contents. The process 
of making water gas is consequently intermittent, a blowing period 
(with air, making air gas), alternating with a period of water gas 
make (blowing with steam). Combining these two periods, that is, 
blowing with a mixture of air and water vapor, makes the process 
continuous, and constitutes our modern producer-gas process. 

The chemical reactions involved in the making of producer gas 
and the thermal relations existing are outlined by Fischer,* as 
follows. The quantities of heat given in each equation assume that 
me pound of carbon enters the reaction instead of stating the heat 
on the molecular weight basis, as is generally done in scientific 
works. The algebraic sign preceding the quantity of heat state.s 
whether heat is developed (plus sign) or absorbed (minus sign), 
that is, whether the reaction is exothermic or endothermic. 

The first reaction occurring in the producer is probably the 
formation of COj from the C in the fuel and the free oxygen of the 
air, according to the equation 

Ca-f-2 O2 = 2 COj!-f i4,54oB.t.u. (1) 

The development of heat indicated in (i) serves to render the fuel 
incandescent, so that with water vapor we next obtain the reactions 

Cj + 4 H2O = 2 CO2 -f- 4 H2 — 2848 B.t.u., (2) 

and Cj -1- 2 C(>2 = 4 CO - 5780 B.t.u. (3) 

Both of these reactions are endothermic and require a temperature 
of about 1500° F. Equations (i) and (3) result in the indirect 
formation of CO. Combining these equations by addition to 
obtain a direct expression for this end result, we may write 

C2 + O2 = 2 CO -f 4380 B.t.u. (4) 

, Similarly, a combination of equations (2) and (3) gives 

€2 + 2 H2O = 2 H2 + 2 CO — 4316 B.t.u. (5) 

* Fischer, Kraftgas, Seine Herstellung & Beurteilung. 
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If there were no losses of heat, the ideal producer-gas process would 
then be a combination of equation (4) (ideal air-gas process) 
and equation (5) (ideal water-gas process), which may be written 
aQ + Oj-haHjO = 4CO-f 2H2. (I) 

Since the oxygen in (4) is obtained from air, a certain amoimt of 
nitrogen (Nj) will also appear in both sides of equation (I). The 
composition, volume, and weight of the resulting gas per pound of 
C consumed is shown in the following table. To obtain volumes, 
the weights of the various gases per cubic foot at 14.7 pounds and 
32° F. have been used. 




( Weights Inv'olved iti £q I 1 

Vol of ProduttTj 

1 

1 C omposit ion of Gas 











(jros C u ht pet 

i*er ( ent b> 
Weight 




Left Side 

Right Side 

Lb of C 

Per Cent bv 
Volume 

Cj 


I 00 





Oa 


06 : 





Ni 


? 23 1 

2 230 

28 4 

48 0 

38 9 

H2O 


75 





CO 



2 3^0 

29 8 

50 2 

41 0 




083 

ij 8 

I 8 

20 I 




4 <’43 

j 

73 0 

IC» 0 1 

1 

JOO 0 


In practice, however, a large part of the sensible heat developed 
by equation (4) is lost instead of being used to make up the deficiency 
shown in equation (5). Hence, if any given temperature level is to 
be maintained in the pro<lucer, the reaction represented by equa¬ 
tion (4) must occur several times as rapid!}- in the same time as 
the one represented by equation (5). Assuming, for instance, that 
only 1500 B.t.u. of the 4380 in equation (4) are actually utilized, it 
is evident that (4) must occur about three times as often as (5) in 
the same time. The producer-gas process can then be represented 
by the equations 

Cj -t- 2 H2O = 2 Had- 2 CO - 4316 B.t.u. 

3 C2 + 302= 6 CO-f 13,140 B.t.u. 
or 4 O2 d" 3 O2 d" 2 HjO = 8 CO -f- 2 H2 d" 8824 B.t.u. (II) 

If it is next assumed that the decomposition of the water vapor 
takes place solely according to equation (2), then, again assuming 
that only 1500 B.t.u. of the heat developed in equation (4) is utilized, 
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the latter reaction would have to occur about twice as often in the 
same time as equation (2) to make up for the deficit of 2848 B.t.u. 
This condition can be represented by the equations 

C2 "f" 4 H2O = 2 CO2 “b 4 2848 B.t.u. 

2 Cs + 2 =4 CO + 8760 B.t.u. 

or 3 C2 + 2 (^ + 4 H2O = 2 COi + 4 CO + 4 + 5912 B.t.u. (Ill) 

In practice, gasification according to equations (II) and (III) is 
likely to go on simultaneously, so that in any given case the actual 
gas made will show a composition intermediate between those 
given for these two equations in the following table. The higher 
the temperatures, the more nearly will equation (II) be realized. 



384. Types of Gas Producers. — The simplest type of a gas pro¬ 
ducer is shown in Fig. 532. The fuel bed i.s divided into different 
zones showing where the reactions above outlined occur. The- 
composition of the gas is, of course, changed from that computed 
by whatever gases or vapors are added to it in passing through the 
distillation zone. 

It is obviously immaterial, as far as the gasification process is 
concerned, whether the air-steam mixture is forced through the fuel 
column by maintaining a slight pressure above atmosphere in the 
ash pit, or whethin: the mixture is drawn through by producing, by 
some means or other, a vacuum at the outlet of the producer, wliich 
vacuum, of course, causes a pressure difference between gas outlet 
and ash pit and hence produces flow. These two methods of pro- 
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ducing gas flow, however, distinguish the two main types of pro¬ 
ducer-gas plant, the former being called a pressure-gas, the latter a 
suction-gas installafion. 

A pressure-gas plant requires a closed ash pit, and the gas is forced 
through an economizer, or preheater, and through a washing appa¬ 



ratus into a gas holder. The pressure is pioduted in \ arious ways, 
generally by means of a steam blower. The essential parts of such 
a plant are shown in Fig. 533.* B is the generator with tlie tilling 
hopper C. The air under some pressure, furnished by the blower 
V, reaches the ash pit by first passing through vaporizer (or econ¬ 
omizer) E. The proper quantity of water is supplied to tliis 
vaporizer through the funnel F. The heat of the producer gas 
nrade, entering E through «, vaporizes the water and the vapor is 
picked up by the air passing on its way to the ash pit. The partly- 
cooled gas reaches the scrubber G through W, passing upward 
* This and the next three figures are due to Fischer, Kraftgas. 
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through a coke column. The washing is done in G by water sprays 
passing downward against the ascending gas column. .4 is a purge 
pipe through which the poor gas made while the producer is being 
put into service is allowed to escape. The gas receives a final 
cleaning and drying in the purifier 5 , the trays of which carry 
either sawdust or excelsior, before being sent to the gas holder 
through H. 

The main parts of a suction-gas plant are shown in Fig. 534. Here 
b is the producer with its filling hopper a. The vaporizer c is a 
hollow casting surrounding the top of the producer. As the piston 
of the engine cylinder makes an outward (suction) stroke, it creates 
a vacuum of several inches in the small receiver m. This causes 
a flow of gas toward the engine through seal-box /, scrubber k, 
and pipe g, and the difference of pressure thus produced between 
g and ash jut / cau.ses a rush of air-steam mixture through the fuel 
column. The air enters the vaporizer through the regulating valve 
d', saturates itself in passing through c, and finds its way through d 
into J; e is an auxiliary air-supply valve to regulate the proportion 
of air to water vapor; h is the purge pipe and i a double-throw 
valve; « is a “ wire brush ” cleaning box which serves to remove 
the last traces of tar that the gas may carry. 

In gas-engine practice, the suction-gas plant has largely sup¬ 
planted the pressure-gas installation, the main reasons being the 
smaller cost of installation, on account of the absence of the gas 
holder, and the fact that the regulation of the gas made in the suc¬ 
tion-gas plant is automatic, the quantity made varying directly 
with the demands of the engine. 

There are so-called “combination” plants. If, for instance, in 
Fig. 533 the blower V were removed and an exhauster had been in¬ 
stalled at H, between the purifier and tlie gas holder, the installa¬ 
tion up to the exhauster would evidently be of the suction type, 
while the gas beyond the exhauster would be under some jiressure. 

Producers are also clas.sified according to the kind of fuel burned, 
and among the gases made we have anthracite-producer gas, bitu¬ 
minous-producer gas, peat gas, wood gas, oil gas, etc. Of course, 
for any given fuel, the plant may be either a pressure, a suction, 
or a combination gas plant, but in some cases the producers 
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themselves show radical differences in design, depending upon the 
fuel used. These differences in design are necessitated by the fact 
that some of the fuels produce tar-forming gases to such an extent 
that the ordinary scrubbing apparatus is not capable of properly 
cleaning the gas for engine service. The types of producers above 
described will do very well for anthracite coal, a fuel which carries 
very little tar-forming gas (mostly hydrocarbons); and the gases of 
distillation escaping from the green fuel and which add themselves 
to the rest of the producer gas, therefore cause little trouble. The 
same is not true, however, of bituminous coal, and in that case 
special precautions must be taken to get a satisfactory gas. The 
way usually chosen is to collect the gases of distillation from the 
green fuel and to “ fix ” these gases, that is, to render them per¬ 
manent in some manner. This has led to the design of “ down- 
draft ” and “ double-zone ” and “ ring ” (series) producers. 

The principle involved is perhaps best understood by studying 
the series producer. Fig. 535. Two producers, Gi and G^, arc con¬ 



nected as shown. In Cn the fuel used is bituminous coal, in Ck 
it is anthraci?;; or coke. The gas in the coimecting pipe y carries 
the tarry gases resulting from the distillation in Gi, and the entire 
body of gas is made to pass upward through the column of incan¬ 
descent coke in Ga. An auxiliary air supply is furnished through 
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Li. The tarry gases are either burned to H2O and CO* near the 
base of the column, or certain reactions take place, the final prod¬ 
ucts being H* and CO. These are, of course, permanent gases and 
the trouble of tar deposit is avoided. 

In the down-draft producer the operation is very similar to that 
above described except that only one producer is used. The air- 
steam mixture is sent in at the top, under the filling hopper and 
moves downward through the fuel 
bed, carrying with it the gases of 
distillation from the green fuel in 
the upper layers. These gases are 
fixed, as before, in passing through 
the incandescent layers of fuel on 
their way to the bottom. 

The double-zone principle is 
illustrated in Fig. 536, which rep¬ 
resents a suction-gas producer. 

The green fuel is charged at the 
top and the fire near the top is 
maintained by an air supply 
through the cover. The vacuum 
produced at c draws the gases 
of distillation downward through 
the upper fire zone, fixing them. 



Fic. 536. —T)Or'TtLE-ZONK Pkoducer. 


At the same time air enters at a. saturates itself in passing through 
the vaporizer, and finds its way through b to the ash pit,maintaining 
a secoird fire zone over the grate. The gas made passes out at (. 
The lower fuel supply is maintained by coked fuel which passes by 
the opening c unconsumed in the upper zone. 

There are many modifications of the design described, for which 
the reader must be referred to special books on the subject. 

385. Data Relating to Gases, Fuels, etc., Generally Used in 
Efficiency Computations on Gas Producers and Gas Engines. 

(0) Atomic Weight, Density, Specific Weight and Volume. Stand¬ 
ard Conditions. — The density A of a gas is generally referred to 
air as a standard, and is defined as the weight of a certain volume of 
a given gas divided by the weight of an equal volume of pure, dry 
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air, ihe temperature and pressure conditions, of course, being the 
same. The weight of a cubic foot of any gas is designated by S, 
and, if the conditions are standard (14.7° pressure per sq. in. and 
32° F.), is called the specific weight 5 o- Since one cubic foot of 
dry air under these conditions weighs 0.08071 pound, we have 
the following relation between specific weight and density. 

50=0.08071 A. (6) 

The specific volume, v. of any gas, that is, the number of 

T 

cubic feet per pound, is, of course, = -1 and if the conditions are 

0 

standard 



The table below gives the values of 5 o and vq for a series of gases, 
but they may also be computed from the following relations. From 
the general gas law Pv - RT, we have 


V ~ 


I _ RT 
5 P ' 


(8) 


Now for standard conditions, r=459.6+32 =491.6°, and ^ = 2117 
pounds per square foot. Hence 




1 — 49 ^ ^ 

5 o 2117 4.30O 


cu. ft. 


We may also derive from Avogadro’s law that 
5 o = lbs. per cu. ft. 

358 

where m = the molecular weight of the gas. 


(0) 


(10) 


Exatnpk. — The molecular weight of COj = 44. Hence 
So = = .1220 lb. per cu. ft., 

358 


and »„=-== -i— = 8.14 cubic feet. Or, since R = 34.89 for this gas (sec 

id .1229 -J-r ^ o \ 

table below), we will also have 


Vt 


4-306 


34- 83 

4-306 


Sdiocu, ft 


The agreement is close enough for all practical purposes. 
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Since the volume of any given weight of gas is a function of both 
pressure and temperature, all gas volumes should be reduced to 
some standard set of conditions, in order to obtain a comparable 
basis. The conditions usually assumed are 14.7 pounds pressure 
per square inch and 32° F., although in view of the fact that 32° 
is an unusual temperature, some authorities have proposed to 
use 60° F. Volume varies inversely with absolute pressure and 
directly with absolute temperature. Consequently if F is the 
volume of gas under an absolute pressure of P pounds per square 
inch and an absolute temperature of T degrees F., the volume Fo 
under standard conditions will be 

V, = F.-^ ^ 33.48^ Feu. ft. (ii) 

14.7 1 1 

Where engine guarantees are based upon cubic feet of gas used, 
the matter of reaching an understanding as to j)ressure and temper¬ 
ature is of importance. The latter evidently control the weight of 
the number of cubic feet of gas guaranteed. Engine performance 
is a function of charge weight, not charge volume, and of heat 
content of the charge, and these factors are largely controlled by 
pressure and temperature. 


Gas. 

Atomic Weight. 

Molecular Weight, 
Exact- 

Molecular Weight, 
Approximate.* 

Molecular Formula- 

H 

ki 

I 

1 0 

^ 4 

| 3 :! 

Specific Volume 

.2 

3 « 

1 ^ 

Hydrogen. 1 

1.008 

2.015! 

2.0 

11. 

0 0695 

0 00561 

178 3 

707.7 

Oxygen. 

16.00 1 

16.00 

16.0 

Oi 1 

1 ■ 105 

0.0892 

11 . 21 

48.27 

Nitrogen. 

14.01 1 


.'8.0I 

Nj ! 

lo 97 ot 

0 0783! 

12 77 t 

S 4 941 

Carbon monoxide— 


28-00 


CO 

|o 967 

0.0781 

12.81 

55 16 

Carbon dioxide.. , 


44.00 

44,00 

C03 

I 

0 1234 

8,103 

3489 

Drj' air. 

Water vapor. 

Acetylene. 

Methane . 

. 

18 02 
2O.O3 
16.03 
28 04 

^9.0: 

18-O 

26.0 

16.0 

H ,0 

C2H2 

CH4 

I 000 

0 622 

0 808 

0 558 

0 938 

0 0807 
O.05O2 

0 0725 
0.0446 
0,0781 

1 12.39 
T9.94 
E 5 70 
22 40 
12.81 

53-35 
85.86 

59 38 
96.45 
55 -14 

Ethylene. 


28.0 

Csll, 


• SuflTiciently accurate for most engineering calculations. 

t These figures are for the so-callcd “nitrogen** of the atmospherr, which carries about 0.5 per cent by 
volume of the heavy inert gas “argon.” 

t An equivalent value often useful in computations. For carlwti, if that can be imagined tP exist 
M a gas under standard conditions: Atomic weight A ,830, .06O8, and uo 14.97* 
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(6) Constants for the Fuel Gases, Heating Values, Air Required 
for Combustion, etc. — Combustible gases, like CO, H, or the hydro¬ 
carbons, are hardly ever used singly in gas-engine mixtures, the 
commercial fuel gases being nearly always composite. The con¬ 
stants for the single gases are, however, necessary for the computa¬ 
tions of heating value, and air required for combustion, and these 
are therefore given in the following table. The heating values 
given in this table are calorimetric, not computed. A computa¬ 
tion does not take into account the heat rendered latent in the 
breaking up of the hydrocarbon combination, hence the computed 
results are uniformly too high. The error may be as high as 12 
per cent, although there are empirical formulas which come very 
close. 


Gas. 

q 

& 

u 

- jo 

Si 3 

ill 

a 

Higher Heating 
Value, B.t.u. per 
Standard Cu Ft 

1 

14 

(4 pq 

aZ ' 

Theoretical Amount of 

Lbs. products of Comb, 
per Lb. of Gas. 

gS 

0 

Lbs 

Air for 

COt 

IltO 

N 

I Lb. 
Lbs. 

I Cu. Ft 
Cu. Ft* 

Ha. 

.0695 

61,950 

345 

52,500 

8 

34-78 

2.40 


9 

26.78 

CO . . . 

.9670 

4 i 38 o| 

342 

4,380 

. 57 

2.48 

2.38 

1-57 


1.91 

CH.1. .... 

5540 

23,840 

1,067 

21,580 

^ 90 

17 30 

9-56 

2 74 

2.25 

X 3 31 

Calla. 

.9150 

2 X ,430 

1,582 

! 70,670 

3 07 

13 35 

II 99 

3 38 

69 

10 28 

C2H4 , . . 

974 o| 

21,430 

1,685 

70,020 

3 43 

X4.95 

14.58 

314 

1.29 

II 52 

.... 

1.0367 

22,400 

1,875 

20430 

3 72 

t6 17 

t6 76; 

2 . Q2 

I 80 

12 45 

CaH4 ... , 


20,990 

2,342 

20,010 

3 'J 9 

13-87 

19-15 

3 -29 

90 

10 68 

C'sHfi . 

1.4512 

2T,220 

2,490 

19,8201 

3 42 

14 87 

'’I -55 

3 U 

I 28 

IX 45 

CsH« .. 

I 5704 

21,830 

2,67s 

20,040! 

3-^5 

15-78 

23.9SI 

2 99 

1.64 

12.15 

('4H?. 

t 9349 

20,9 xoj 

1 

3 ,=75 

ig.sioj 

3 43 

14 95 

28 86j 

3 U 

I 29 

11 5 ? 


• For a discussion of the correction to be applied to the higher heating value in case the water 
va{X>T formed escapes as steam, sec Chap XUI, p 467. 


With the aid of the constants in the above table, it is possible to 
compute the characteristics of a commercial gas, such as illuminat¬ 
ing or producer gas. To simplify the computation, a formula for 
the air required for combustion may be established. This may be 
based either on the pound or on the standard cubic foot of the gas. 

Let one pound of the gas consist of 

ari lbs. CO + 2^ lbs. + Xz lbs. CH4 + lbs. CjIL -f Xs lbs. CjHs 
4- Xt lbs. O2 -f *7 lbs. Nj d- lbs. CO2 -f Xt lbs. HjO. 
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Then theoretical air required for combustion 

„ -57^1 + + 3-43^« . + - ^« ibs.perlb. (12) 

.23 

The products of combustion for the theoretical air supply will be 
CO2 = [1.57ojiH- 2.74*3 +3-14*4+ 3-38iP6 + *it]lbs. (13) 
HjO = [9*2 + 2.25*8 + 1.29*4 + .69*4 + *9] lbs. (14) 

Na = 1-77 (wt. of theoretical air from eq. (12)) +*7] lbs. (15) 

Also let one cubic foot of the gas consist of 

*1 cu. ft. CO + *2 cu. ft. Hi + *8 cu. ft. CH4 + *4 cu. ft. C2H4 
+ *5 cu. ft. C2H2 + *e cu. ft. O2 + *7 cu. ft. Nj + *s cu. ft. CO2 
+ *»cu. ft. H2O. 

Theoretical air required for combustion 
*1 + *2 , 

-^-f- 2*8 + 3*4 + 2-5*6 - *6 

--CU. ft. per cu. ft. (t2a) 

.21 

J’roducts of combustion per cubic foot of gas for the theoretical 
air sufiply will be 

CO2 = [*i + *3 + 2 *4 + 2 *5 + *3] cu. ft. (13a) 

HjO =» [*2 + 2 *3 + 2 *4 + *5 + *9] cu. ft. (14a) 

N2 == [.79 (cu. ft. of theoretical air from eq. (12a))+*7] cu. ft. (isa) 

In either case, if the ratio of air to gas is greater than the theoreti¬ 
cal, as it usually is, the products of combustion will show in addi¬ 
tion a certain quantity of excess air. This may be considered to 
consist of nitrogen and free o.xygcn. The former is added to that 
found under equations (15) or (15a), so that the products of com¬ 
bustion will show CC)2, H2O, N2, and O2, provided, of course, that the 
combustion is complete. 

Example. — An illuminating gas show-s the following composition by volume: 

48.50 per cent Hj. 35.00 jier cent CH„ 7.00 per cent CO, heavy hydrocar¬ 
bons (considered as CjH,) 4.50 per cent, 2.00 per cent COj, .25 per cent Oi, 
2.7s per cent N,. Assume that the air used for combustion is 50 per cent in 
excess of that required, i.e., that the excess coefficient is 1.5. 
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Higher heating value, per cubic foot, 

= {(345 X .485) + (1067 X .jS) + (342 X .07) + (1685 X .045)] = 64oB.t.u. 
Theoretical air required for combustion, per cubic foot, 

r °7 + 4. (2 X . 3 S) + (3 X . 04 S) “ -oozsl 

<= . . . . .. =5.28 cu. ft. 


Air actually supplied => 1.5 X 5.28 = 7.92 cubic feet jjer cubic foot of gas. 
Products of combustion: 

COs = [.07 4 - .35 + 2 X .045 + .02] = .530 cu. ft. 

HjO = [.48s + 2 X .35 + 2 X .045] = 1.77s cu. ft. 

Ni =■ [.79 X 5.28 + .0275] + .79 (7.92 - 5.28) = 6.285 cu. ft. 

0» = .21 (7.92 ~ 5.28) = .554 cu. ft. 

The sum total of the volumes of the products of combustion is 8.64 cubic 
feet. The original volume of the mixture was t 4-7-92 = 8.92 cubic feet. 
Hence there has been a contraction during combustion amounting to 


8.9£ - 8.64 
8.92 


3.1 per cent, 


assuming that the products are brought back to initial pressure and temperature. 
The exhaust gases will show the following composition by volume: 6.13 per 
tent COj, 14.75 per cent HiO, 72.71 per cent Nj, and 6.41 per cent free Oj. 
In our ordinary method of analysis, the greater part of the water vapor is 
condensed, so that the analysis of these <jxhaust gases as made will not agree 
with the above figures. See Chap. XIII. 


Similar computations may be made for any of the commercial 
gases. The table, p. 861, shows average composition and average! 
constants for the most important of these gases. The figures may 
be u.sed as a check upon computations made in practice. 

(c) Characteristics of the Liquid Fuels. -- For the liquid fuels, 
the computations may be carried through the same way, once the 
composition of the oils and the ratio of air to oil are known. Crude 
oil and its distillates, kerosene and gasoline, show in general about 
the same composition, which is not far from 84 to 87 per cent C by 
weight, 11.5 to 14.5 per cent H, and .5 to 4 per cent of oxygen and 
impurities. Taking the average at 85 per cent C2, 14 per centH*, 
and I per cent impurities (Oa), the theoretical air required per 
pound should be 


.85 X 2.66 + .14 X 8 — .01 


= 14.7 lbs. 


.23 
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Av. Comp Per Cent by Vol 

i 

I 

1 

Oil Gas.* 

li 

S S 

0 Q 
•S "o 

1 ^ 

I 

1 . 
li 

iA 

<3 

0 

s 

5 

U 

1 

0 

1 

i 

0 

1 

C'O. 

8 18 

8.9 

5 6 

27.0 

12 0 

27 0 

26.0 

7 0 

I 86 

45 0 

45 0 

H,. 

46.20 

12,0 

3 0 

55 0 

t’H,. 

34-00 

54-9 

1.2 

2-5 

■S 

32.0 

93-07 

2.0 

C,tl4. 

3 - 7 ^ 

28 9 


4 


1 5 

47 

. . ... 

COi. 

8 88 

6 

2 5 

2 5 

9-5 

r. 2 

. 26 

4 0 

N, . 

2,15 1 


57-0 

56.2 

56 0 

i-S 

3 04 

2.0 

0,. 

.6s ! 


3 

3 



.42 

•5 

HsO. 

1 so 

1 




5 0 

1 0 



Speciik weight, lbs. per 






1 


cu. ft. 

032’ 

058 

.065 

.065 

070 

027 

.046 

045 

Higher heating value, 

613 


1 


i 



B.t.u. [)er cu. ft. 

1,120 

147I 

168 

10 

580 

1,010 

330 

per lb. 

19,150 

10,300 

2,260 

2,590 

1,330 

21,500 

22,000 

7,350 

Minimum air required for 
comb- cu. feet per cu. 






foot. ... 

5 2$ 

9-5 

I 00 

1 15 

7 

5 0 

9-0 

2 3 


* Maxle by vajximiag crude oils. Should be distinguished from the water-oil gas made by the Lowe 
process. 

t These analj^s are from an R D Wood catalogue. The composition of producer gas may vary 
over wide ranges; thus Gilldner gives the following for an anthracite gas: i6 6 per cent CO; 24 2 per cent Hj; 
2 per cent CH*, ^ler cent CO^; 45.9 i^r cent Njj, 

t Anderson, Indiana 

The products of combustion for the same oil, bmned with the 
theoretical air supply, will be .85 X 3.66 = 3.11 pounds CO2; 
.14 X 9 = 1.26 pounds H2O; and .77 X 14.7 = 11-32 pounds Nj. 

The heating value of these oils is fairly constant, as might be 
expected from the constancy of the comiwsition, the range being 
from about 17,500 to 21,000 B.t.u. per pound. 

The only other liquid fuel of any importance is ethyl alcohol, 
the chemical formula for absolute alcohol being C2H6O. This 
composition shows .522 pound C2, .130 pound H2, and .348 pound 
O2 per pound of liquid. The theoretical air required tor combus¬ 
tion is 9 pounds per p)ound. Commercial alcohol, however, always 
carries some water, so that specific gravity, heating value, air 
required for combustion, etc., all change with this variable factor. 
The proportion of absolute alcohol in a mixture of alcohol and 
water is expressed as a percentage by volume or by weight. The 
following table shows these figures for various admixtures of water. 
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Absolut 

Volume, Per Cent 

e Alcohol i 

1 

Weight, Per Cent 

bpecific Oravity at 

59* F , 

Higher Heating Value, per 
Lb B t u. 

95 

93 8 

805 

12,140 

90 

87 7 

81s 

11,340 

85 

81 8 

826 

10,580 

80 

yb I 

836 

9 ASO 

75 

70 5 

846 

g,i 20 


The vapor volumes resulting when any of the above liquid fuels 
are vaporized are, of course, a function of pressure and temperature. 
For information on this point, the student is referred to books on 
the subject of gas engines. 

(d) Specific Heats. - The specific heat of the gases and vapors 
is one of the factors necessary to the compulation of heat thanges 
accompanying temperature changes. Specific heats are a function 
of both pressure and temperature. The variation with pressure, as 
far as the gases commonly encountered are concerned, seems to be 
minor, except for water vapor, but the change in the value of the 
specific heat with temperature changes is of sufficient degree to com¬ 
pel recognition where accuracy is desired. Although a great deal 
of experimental work has been done in this field, the results of the 
different investigations are not as yet in entire accord. 

The following data are an abstract of an investigation made on 
the subject by Prof. G. B. Upton, in which he collaborated the 
results of the most important ex^Kuiments made by Mallard and 
Le Chatelier, Holborn and Henning, Langen, Pier, and others. 
The aim in view was not to attempt to reconcile the various results 
obtained, but by a judicious balancing of all the facts, to furnish 
data on specific heats which would be generally useful in gas com¬ 
putations, with a degree of accuracy, on the ba.sis of the present 
state of our knowledge, quite sufficient for engineering work. As a 
result, the equations furnished by one experimenter were accepted 
for one gas, while those c)f another were used for another gas. 
Thus Pier’s, and Holborn and Henning’s results were taken for 
oxygen and carbon dioxide, nitrogen and carbon monoxide, Langen’s 
results for hydrogen. The data for water vapor are the result of a 
combination of available figures, mainly Holborn and Henning’s. 
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This is the only constituent of commercial gases in which the pres¬ 
sure plays any important part as far as specific heat is concerned. 
Now in the case of flue or exhaust gases, the partial pressure of the 
vapor, which is the pressure criterion for the determination of specific 
heat, is rarely over i pound absolute, while at the explosion pressure 
in a gas engine it rarely exceeds 50 pounds absolute. At the same 
time the low pressure range (i.e., about i pound absolute) is ac¬ 
companied by temperatures not very much exceeding 400° C. 
(752° F.), and serviceable data for this range may therefore be ob¬ 
tained from Marks and Davis’ Steam Tables for i pound pressure. 
The higher pressure range, on the other hand, is accompanied 
by high temperatures (up to 3500° F.). In that temperature 
range the field of variation of specific heats of water vapor with 
pressure narrows very rapidly (note the indicated narrowing of the 
field beyond 400° F. in Fig. 244), so that there is little practical 
difference between the specific heats at 50 pounds absolute, and 
those at atmospheric pressure. For the latter we have Holborn 
and Henning’s results and these may consequently be accepted for 
gas computations made at any of the pressures occurring in the 
gas engine cycle. The curve (in Fig. 537) exjjressing the varia¬ 
tion of specific heat with temperature in the case of water vapor is 
therefore constructed up to 400° C. with the data for i pound 
absolute pressure from Marx and Davis’ Steam Tables, while 
beyond that Holborn and Henning's results for 15 poimds absolute 
are used. The equation given below for H2O closely represents this 
curve. This eliminates the pressure function also for H2O in the 
case of any combustion computations that are likely to be made in 
experimental engineering work. 

Definitions of .specific heat at constant pressure, Cp, and at con¬ 
stant volume, C«, have already been given in Art. 174. 

Under each, we distinguish further two kinds of specific heat, 
the mean and the instantaneous. As the name indicates, the mean 
specific heat is the value by which a temperature range must be multi¬ 
plied to obtain the quantity of heat which was required to raise 
unit weight of the material through the range stated, under the 
conditions obtaining. The instantaneous specific heal is the quantity 
of heat that must be supplied to unit weight of a material to raise 
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the temperature one degree under stated conditions of pressure and 
volume. The mean specific heats are, of course, used for all heat 
calculations, while the instantaneous values must be used for the 

Q 

determination of 7 » The notation used below is as follows: 

Instantaneous specific heat at constant pressure = Cp,; at constant 
volxime a* C,<; mean specific heat at constant pressure = Cp,,; at 
constant volume = C,«. We also speak of molectdar specific 
heats, obtained by multiplying each of the specific heats above 
mentioned by the molecular weight of the gas, w; thus mean molec¬ 
ular specific heat at constant pressure = m • Cp,,, etc. This quan¬ 
tity is little used in engineering work. 

Practically all of the expyerimental work in connection with spe¬ 
cific heats has been done with the Centigrade scale of temperature. 
Hence this scale is retained in all the equations, the transposition 
being made only in the curves. 

It pan be shown that if C„ the instantaneous specific heat at any 
temperature, t, is represented by the function 

C, (t) = u -j- -f" c/* -}- dt^ -j- et^ “f" (^6) 

the mean specific heat in the range from o to the same temperature, 
t, can be represented by 

C„(o-o =o + -/ + -^- + -/» + -^. (17) 

2345 

These relations will serv'e for the conversion of mean into instan¬ 
taneous specific heats or vice versa. Note that the mean specific 
heats are computed above 0° C. 

Concerning the inter-relation of Cp, and Boynton has shown 
that for N2, O2, Hj, CO, COj, H2O, SO2, and NH*, we may write 

I mC„, (7 - i) = 3; or t»C„ (7 - i) = 2.00. (18) 

Since 7 »= this expression may also be written 

C,j 

m {Cpi - Cp,) = 2; or Cpi - C„ = -• (19) 

tn 

How closely this equation ■ is actually fulfilled, as judged from 
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the basis of existing experimental results, may be seen from the 
following: 


For 

mCpi — mQi 


CO 

2.017 


Air 

1.960 


EM) 

3.020 


H, 

1-955 


The theoretical value for 7 is the same for all monatomic gases 
(* 1.667); for all diatomic gases ( = 1.400); for all triatomic gases 
(= 1.286) etc., assuming no association or dissociation to occur. 
Consequently Cpi and C„,- should be the same for all gases of the 
same atom number in the molecule. Experimental data show 
that this condition is not quite met (see the curves below), but how 
far this is due to errors involved in the investigations is, of course, 
problematical. 

The following equations represent the final results of Professor 
Upton’s investigation, except for the case of H2, for which Langen’s 
equation is used. (Temperatures are in degrees C.) 


Oxygen 

(O.) 

Nitrogen 
(Nj) and 
Carbon 
monoxide 
(COj 

Air 


Cariwn 

dioxide 

(COd 


Water 

vapor 


1H,0) 


Mean specific heat. 

Instantaneous specific heat. .. 

V 

Mean specific heat. 

I Instantaneous specific heat. , . 


(« 0.216 -f- 0.000014/ 
\ C^,m =0.153 +0.000014/ 
» 0.216 + 0.000028 / 
(Cvi - 0,1 S 3 + 0.000028 / 
Cpm = 0.243 + 0.000019/ 
Cvm =0.171 +0.000019/ 
J Cp ^ - 0.243 + 0.000038 / 

(Cvi - 0.171 + O.OOOO3S / 


Mean specific heat. 

Instantaneous si^ecific heat 

( ^ pm 


Mean sp. hi, 
I list. sp. hi. 
Mean sp. hi. 


{Cprn = 0.237 + 0.000019 / 
i Cvm ~ 0.168 + 0,000019 / 
Cpi = 0.237 +0.00003S/ 

==== 0.168 + O 00D038 / 

.200 + 75X10”** / —21 XlO~^ /^ + 2.2 XiO'"*’^ /’ 
®/—21 XlO”^ 2,2X10"*' 
Cpt =*.200 + 150X10”* /-fis Xio”* /^+9.l XlO“*“/^ 


u'6m=».i55-h75Xio- 


«.155+ 150X10""* / —65 Xio“"® f+9.1 Xio”^^ 

\ Cpm = .452 +7.4 X io”*/+92,6 X10""^/“ -20.6X10" 
i Cvm = .340 + 7.4 X 10 ”*/ + 92.6 X 10”**/* - 20.6 X 10 ”‘¥ 
It f nht iCp, =.452 + i4.SXio”*/+278Xio-^"f-~*82Xio”*'*/» 

l P IC.i =..34o+r4-8Xio-''^+278Xio-»/’-82Xio-“P. 


For hydrogen (Ha) the following may be used: 

Mean ,p. heat.jC„ - j.36,+0.00055. 

{ C„m - 2.360 +0.00055/ 

totap-heat . <C,, - 3.3^+aoo.. < 

t . (Cvi =2.369+0.0011/ 


Hydrogen J 
(H,) 
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The information on CH4 with regard to specific heats is very 
meager. The writer has been able to find only one equation, that 
given by Richards in his Metallurgical Calculations, Part I, p. no 
The equation there given, computed to the ordinary basis, shows 
the following: 


Methane 

(CH,) 


Mean sp. heat 
Inst sp. heat 


Cpm = 532 + 0003 t 
Cvm = 407 + 0003 t 
Cpt •= .532 + -0006/ 
Cv, = 407 + 0006 1 


To save the labor of solving these equations for any ordinary 
case, the curve sheet, Fig 537, gives a graphical solution of them up 



Tompor^ture F 

Pii* S 37 


to 1800° C. (3272" F ) It should be stated that beyond 1000° C 
the results are somewhat uncertain and that in consequence depend¬ 
ence can be jdaccd in only the first two significant figures in the 
decimal. The curves give the mean specific heat at constant 
pressure (QJ between 0° C. (or 32° F ) and any other given tem¬ 
perature t From this the value of C,„ may be derived, as shown 
on the sheet. 
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Tcmpeiature I)t)g C 

aa m 3V2 672 768 1)^ 1X18 mi H72 1668 mz 2012 21W8 2372 2662 2012 3092 3272 

Tenix»erature Dog F 

Fit. 538 


The second curve sheet, Fig. 538, gives values of y = as the 

^ t » 

change in this figure is large enough to be of importance in some 
cases. 


It happens quite often that the quantity of heat gained or lost 
between some tem],)erature t' (not 0° C or 32° F ) and a temperature 
t is desired This case occurs, for instance, when it is desired to 
compute the heat loss in a gas from a temperature of t degrees to 
room temperature at t' degrees. The most obvious way of solving 
this problem is to compute the heat in the gas at t degrees by use 
of Cp„ (0 to t) and to subtract from this the heat still in the gas at 
t' degrees by use of Cp^ (0 u. r) But it can be shown mathematically 
that if mean specific heat can be expressed by an equation of the 
general form 

(0 to t) = ^ + .(20) 


then Cp^u'tot) -^x + yit' + t) .(21) 


The use of the last equation, of course, shortens the work. 
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Example. — Suppose that one pound of air is cooled from 2000° F. to 60® F. 
What is the heat loss? 

Method I. Cpm at 2000° = .258; at 60® = .237, from the curves. 

Heat in air above 32° at 2000° = .258 (2000 — 32) •= 507.7 B.t.u. 

Heat in air above 32“ at 60° = .237 (60 — 32) »= 6.6 B.t.u. 

Heat loss = 501.1 B.t.u. 

Method 2. Equation for Cpm for air 

= Cpm “ .237 + - OOOOKjt , 

in which t = centigrade degrees. 

Changing this to the form of equation (21), with I' = 15.5° C. (60“ F.) and 
t = 1093° C. (2000° F.), we have 

Cpm Cm to 1000) = .237 + .00019(15.5 + IO03) = •2S‘'^ 

Heat loss = .258 (2000 — 60) = 500.5 B.t.u. 

386. Analysis of Fuel Gases and the Determination of Heating 
Value. — The chemical analysis of fuel gases is a matter requiring 
care and experience, and unless both of these requirements can be 
fulfilled, it will in general be best, if the plant test is made in the 
field, to collect the gas by some approved method and to send it to 
some chemical laboratory for analysis. 

Means for collecting gas are discussed in Chapter XIII, to which 
the student is referred. Where, in any given plant, the sample of 
gas should be taken, depends upon the purpose in view. If the 
test is confined to the engine, the gas should, of course, be collected 
dose to the engine, no attention being paid to the previous history 
of the gas. In case a producer is under test, it is always well to 
sample the gas just at the outlet of the producer, and again after 
leaving the cleaning apparatus on its way to gas holder or to engine. 
Where a test is made of the plant complete, the two analyses just 
mentioned are sufficient to cover the requirements. For remarks 
concerning number of samples, method of averaging the results of 
the various analyses, etc., see p. 876. 

The analysis consists in the determination of CO2, C2, C2H4, CO, 
CH4, and H2, N2 being found by difference. It may be carried 
out in two ways: 

(o) To determine CO2, O2, C2H4, and CO by absorption; H2 by 
catalytic separation by means of palladium; and CH4 by combus¬ 
tion. 
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(6) To determine only COj, O2, and C2H4 by absorption, H2, CO, 
and CH4 by combustion. 

As far as the work in a chemical laboratory is concerned, there is 
probably little choice between these two methods, but in field work 
method {b) offers decided advantages, as the apparatus is simpler 
and requires less time to operate. A distinction should be made 
between gases based upon the CO content. Where this is compar¬ 
atively low, as in illuminating gas, an absorption method, like (a), 
gives satisfactory results; but for producer gas or water gas, both 
high in CO, method (b) would be preferred, especially in the field, 
on account of the difficulty of absorbing large quantities of CO 
without thorough agitation of gas and reagent. 

The reagent used for the absorption of CO2 is caustic potash, 
that for O2 is either an alkaline solution of pyrogallic acid or phos¬ 
phorus. The preparation and handling of these reagents has 
already been described in Chapter XIII. The reagent used for 
C2H4 is fuming sulphuric acid. The remainder of the constituents, 
except nitrogen, are combustible. They are translerred to a com¬ 
bustion tube or vessel and mixed with a measured quantity of air. 
The mixture is lighted by means of incandescent platinum. After 
combustion, the resulting CO2 and the free oxj-gen remaining in the 
gases are determined by absorption. The reactions occurring in 
the combu.stion tube may be written as follows: * 

2 CO -I- f)2 =2 CO2, 

i.e., 2 vols, of CO + I vol. O2 = 2 vols. of CO2. (22) 

CH4 + 2 O2 =002 + 2 H2O, 

i.e., I vol. CH4 + 2 vols. O2 = 1 vol. CO2 + 2 vols. H2O. . (23) 

2 H2 + O2 “ 2 H2O, 

i.e., 2 vols. H2 + I vol. O2 =2 vols. H2O.(24) 

With the aid of these expressions we may derive the following 
equations; 

* This developnxent of the equations used for the determination of CO, Hj and CH4 
after combustion was apparently first given by Vignon, Bull. Soc. Chim. 1897, 832 
It is contained in Hempel-Dennis’ Gas Analysis. 
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Let S == the sum of the contraction volumes appearing in equa¬ 
tions (22) to (24). 

V — the sum of the volumes of CO, CH4, and Hs, 
and CO2 = the sum of the CO2 volumes produced in equations (22) 
and (23). 

In equation (22), 3 volumes before combustion contract to 2 vol¬ 
umes; hence the contraction amounts to i volume, which is | of 
the CO volume concerned in the equation. The contraction vol¬ 
ume may therefore be represented by 2 CO. 

In equation (23), 3 volumes before combustion contract to 1 
volume, since the 2 volumes of HjO produced will condense. Hence 
the contraction volume is equal to 2 volumes, which is twice the 
volume of CH4 concerned in the equation. The contraction 
volume is therefore represented by 2 CH4. 

In equation (24), 3 volumes before combustion contract to o 
volume, since the 2 volumes of ILO will condense. Hence the 
contraction volume is equal to 3 volumes, which is | of the volume 
of H2 concerned in the equation. The contraction volume may 
therefore be represented Iry | Hi. 

Equation (22) shows that the volume of CO2 produced is the same 
as the voltune of CO concerned in the equation, while equation (23) 
shows the same to hold true for the relation between the volumes 


of COi and CH4. 

With this information we now have 

2 = |CO-h2CH4 + fH2.{25) 

F = C0 + CH4 + H2,.(26) 

CX)2 = C0 + CH4.(27) 

Solving these for each one of the combustible gases, we finally 
derive 

C0 = fC02+F-|2, .(28) 

H2 = T' - CO2,.(29) 

CH4-K'02-F-hfS .(30) 


How these equations are practically applied will be shown by a 
type example. 
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There are several types of apparatus, based generally upon the 
principles of the Orsat, which should be satisfactory for field work. 
One of the best is probably the Hahn apparatus* described by Dr. 
C. Hahn in the Zeitschrift des Vereins deutscher Ingenieure for 
Feb. 10, 1906. Another is described in the same journal for April, 
1908, and is manufactured by Dr. Siebert & Kuhn, Kassel.f 
The general appearance of the Heinz apparatus is shown in 
Fig. 539, while Fig. 540 shows in detail the arrangement of the parts. 



Fig 539 —Apparatus for Gas Anai\sis 


tf, b, c and d are the absorption pipettes, c is the measuring burette, 
and / the combus>tion pipette. The latest improved forms of 
absorption pipettes are shown in P'igs. 541 and 542, the former of 
which shows the Hankus, the second the Heinz pipette. Both are 
de.signed to promote thorough intermixing of gas and reagent, and 
* Made by C Heinz, Aachen 

t Another apparatus is described by Paul Fuchs in his Generator Kraftgas und 
Darapf-Kcsse! Betrieb.’’ It is made by G. A. Schultzc, Charlottenburg. 
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the rapidity and certainty of action are very much better thin in 
the old type. In the Hankus pipette, gas enters at a and flows out 



Fig. 541. — ABsoKraoN Pipettes — Fig. 542. 

at b into the reagent, through which it rises to the top. It may then 
be drawn out through the side opening at the top by throwing the 
cock over into the right pwjsition (shown at e in the detail drawing 
for the Heinz pipette). The action of the Heinz pipette is very 
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similar. Tlie gas flows from c to d through the central tube, escapes 
through a small injector opening and rises in the long spiral. It is 
removed as in the Hankus pipette. 

The analysis is carried out as follows: 

Assuming that the liquids in the absorption and combustion 
pipettes (mercury or water in the latter) stand at the top of the 
capillary tube, that the measuring burette and capillary are filled 
with the displacing liquid (mercury or water), a sample of gas is 
drawn into the apparatus through the cock i. After measuring in 
e, the gas is displaced into a, which contains KOB for the absorption 
of CC^. After this is complete and the contraction has been meas¬ 
ured, displace into 5 , which contains fuming sulphuric acid for the 
absorption of the heavy hydrocarbons (considered as C2H4). From 
b draw the gas back into e, but before determining the contraction, 
displace over into a again to take out acid fumes. Then draw back 
into e and measure the total contraction which determines CO2 -f 
C2H4. Next displace into c, containing pyro-gallol for the absorp¬ 
tion of O2. After absorption in c, the total contraction shown in e 
measures C()2 + C2II4 d- O*. It is next possible to absorb CO by 
means of a cuprou> chloride solution in the pipette d. But owing 
to the fact tliat {)roducer gases contain a good deal of CO (up to 
30 per cent in some cases), and that the absorbing power of the 
solution for CO is very limited, the writer prefers to omit this 
absorption and to determine CO by combustion, as above stated. 
To this end, have the pipette d simply filled with water, and at the 
end of the O2 ahsorption displace all the gas over into d, which may 
then serve as a storage. Next draw into e a certain quantity of air 
through h, measure it and force it over into the combustion pipette 
/. Then draw over from d a certain quantity of gas and measure it. 
The proportion of air to gas will depend upon the kind of gas; more 
than enough oxygen to completely burn all of the combustible 
components (CO, H2 and CH4) must be present. Next pass a cur¬ 
rent through the platinum spiral P, by means of the storage battery 
shown in Fig. 539, so that this wire will be at a bright red heat. 
Then slowly displace the gas from e into /. The combustion taking 
place will burn CO to CO2, H to H3O and CH4 to CO2 and H2O. 
After combustion transfer the mixture of burned gases first to 
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pipette a to absorb the CO* formed by the combustion; measure 
the contraction in e Then transfer to pipette c to absorb excess 
oxygen and again measure the contraction. The analysis is then 
complete. 

The apparatus described by Dr. Hahn differs slightly from this 
in that there is a palladium wire placed in the bend k, Fig. 540, 



Fig. 543. — Sikbkrt-Kuiin 
Apparatus i'Or Gas 
Analysis* 



Fig. 544. —Absorption 

PlPETTr, SlEBKRT- 

Kuhn Apparatus. 



Fig. 545. — Measuring 
Burette, Sieblrt- 
Kuhn Apparatus. 


which wire is heated by means of an external flame to a tempera¬ 
ture of 400"^“ Soo®C. With the spiral P cold, the mixture of gas 
and air is forced from e over into /, when combustion of H2 alone 
will take place in k. Afterward spiral P is used to burn CH4, 
Dr. Hahn using the absorption method for CO. This method then 
determines H2, CO and CH4 separately. The separation of H2 by 
this method, however, requires considerable care and skill, and 
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the writer would, therefore, recommend the straight combustion 
method for CO, Hj and CH^ as above outlined. 

The Siebcrt-Kiihn apparatus is similar in principle but of differ¬ 
ent construction. In Fig. 543, aa are the absorption pipettes. 



Fro. 546. — SiEBERT-Ki'HN Apparatus Ready for Use. 


mounted in a holder that can be revolved on a base, and tn is the 
measuring burette. Fig. 544 shows the construction of the absorp¬ 
tion pipettes and indicates the means taken for exposing large 
surfaces of the reagent. The burette. Fig. 545, consists of the 
graduated tube e, surrounded by the jacket tube /. The electrodes 
gg lead the current to the platinum spiral in the top of the burette. 
When ready for use the apparatus is arrange<l as in Fig. 546. The 
burette is connected to each absorption pipette in proper order, 
the combustion part of the analysis being carried on in the burette 
itself. 

Both types of apparatus are put up in compact form in traveling 
cases. 
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The following type example of an analysis of a producer gas is 
taken from the work by Paul Fuchs, mentioned in footnote, p* 871. 


Original volume of producer gas... 

After absorbing COj... 

After absorbing O2. 

After absorbing C2H4.. 

Volume of gas used for combustion 
Air added. 


94,8 c.c. 

90. 2 c.c. » 4.6 c.c. COj 

Sg.gc.c.^ .3C.C. Oa 

89. 7 c.c. « . 2 c.c. C3H4 


34. 2 c.c. 
36. 7 c.c. 


2Q. O c.c. Na 
7. 7 c.c. O3 


Volume of air and gas. 70.9 c.c. 

Volume after combustion .. 58,3 c.c.; hence S == 70.9— 58.3 ^ 12.6 c.c. 

After absorbing CO2. 52. i c.c.; hence COa * 58.3 - 52,31 *6.2 c.c. 

After absorbing Oa. 50,9 c.c. 

Volume of Na added. 29. o c.c. 

Remaining difference.=*21.9 c.c.« (Volume left of original 34.2 c.c. 


of gas used) hence V « 34.2 — 21.9 » 12.3 c.c. 

Substituting these values of X, CO2, and V in equations (23) to (25), we obtain: 


CO * i COa + F - I 2, 

2.1 +12.3 — 8.4 « 6.0 c.c* 

Ha « F - COa, 

«= 12.3 — 6.2 == 6.J c.c. 

CH 4 « ! COa - F + J S. 

4.1 — 12.3 + 8.4 = .2 c.c. 


The ratio between the original volume of gas taken and that used for com¬ 
bustion « 2.77. Therefore in the original volume there were contained 

34 - 

.6 c.c. of CH4; 16.Q c.c, of Ha, and 16.7 c.c. of CO, The 94.8 c.c. of gas originally 
taken therefore contained 


COa Oa C2H* CH< II2 CO Na (by difference) 

4.6C.C. .3C,C. .2C.C. .6c.c. 16.9c.c. 16.7 C.C. S5-5C.C. 

The percentage composition by volume therefore is 

CO. O. CJa. CH. H. CO K. 

4 - 8 % - 3 % .2% - 7 % ’‘ 7 ' 9 % 17.6% 58.5% 

The heating value of a fuel gas is best determined directly in a 
calorimeter (see Chapter XIII). Where a continuous calorimeter, 
like the Junker, is available, and the gas is under some pressure, 
it is easy to make arrangements by which the determination is 
made continuous over the entire time of the test by furnishing 
facilities for accurately weighing large quantities of water. Where 
no calorimeter is available, the heating value may be computed by 
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the method outlined and data given in Article 384, in this chapter. 
In such a case, in order to avoid a complicated and generally un¬ 
satisfactory lime-average* computation, it is well to see that gas 
samples are taken for analysis at stated intervals equally spaced 
over the test, and to make the time of collecting as long as possible. 
The straight average of all the results may then be taken. The 
number of samples taken depends largely upon the constancy of 
the gas composition, fluctuations reqmring more frequent analysis. 

The ideal method of collecting would, of course, be to arrange an 
aspirator of the type shown in Fig. 362, p. 515, of sufficient capacity 
to last for several hours. The sampling may in that way be made 
practically continuous. 

387. Analysis of the Exhaust Gases, and Computation of the 
Heat Lost in Exhaust. — For methods of collecting exhaust gas 
siimples see Chaf)ter XIII, since the precautions to be observed are 
the same as for flue gas. Usually the exhaust gases are under some 
pressure so tliat no aspirating apparatus is required. As far as the 
analysis is concerned, what is said in Chapter XIII, with reference 
to flue gas, applies with equal force to exhaust gases; in fact, if 
only CO2, O2, and CO (Nj by difference) are tested for, the same 
apparatus may be used. It has, however, been shown by Giildner 
and others, that in spite of the fact that there is a considerable 
excess of air in most gas-engine mixtures, incomplete combustion 
often results. Giildner cites cases where the heat loss due to com¬ 
bustible components in the exhaust gas amounted to as high as 15 

* A time average is obtained as follows. Assume that on a 1 j-hour test, samples 


were taken at the times stated below: 

Interval ■= 

Test begins 8 a.m.) ^ 

Samjilfc at o a.m y ' ‘ ^ * 

The analysis of sample A h assumed to 
cover the period from the start of the test to 

** B at 

II A.M.| 

•• I 5 

half the inter\'al between samples A and B, 

“ Cat 

12 M. { 

...I 5 “ 

u 

This is 2 hours, from 8 to 10 a.m. Similarly, 

Dat 

2 F.M. \ 

. . . 3.0 

ti 

sample B covers the next 1.5 hours, etc. The 

E at 

4 P.M. 1 

. . . .2.5 

results of each analysis are then multiplied by 

“ F at 

7 TM. 1 

• 2 5 

this time interval, and the summation of the 

Test ends at 

8 P.M. ) 

12 hrs. 

individual prcxiucts is divided by the total 
length of the test, in this case, 12 hours. 
Since this whole computation is based upon 


a somewhat unwarranted assumption, its value is doubtful. 
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per cent of the total heat supplied in the fuel. It must be evident 
from this that where it is desired to establish a scientifically correct 
heat balance for a gas-engine test, the exhaust gases should be 
completely analyzed, and in the field the Heinz or Siebert ap¬ 
paratus may be used for this purpose. 

It is stated that the heat loss in exhaust may be found in two 
ways: 

(a) By measuring the fuel and the air used, and determining the 
ratio of fuel to air. With a known fuel comjwsition it then becomes 
easy to compute the weights or volume of the various products of 
combustion passing into the exhaust pii>c. 

(d) To analyze the exhaust gases and from the results of this 
analysis to compute the products of combustion by the method 
outlined in Chapter XIII for flue gas, or by some other method. 

Method (a) assumes that there is complete combustion of the 
fuel, and is correct only under that assumption. How far that 
assumption may be incorrect has been shown above. In method 
(b) the determination of combustible constituents makes it possible 
to allow for the effect of incomplete combustion, and on the .score 
of accuracy the latter method is therefore to be preferred to the 
former. Of course method (a), if proj)erIy carried out, will give 
the accurate total weight or volume of the gas passing through 
the engine under all circumstances, but it may fail to definitely 
indicate the distribution of this total among the various kinds of 
gas present, and thereby lead to an erroneous determination of the 
exhaust loss. 

To make the computation of the exhaust loss a general case 
assume that a complete exhaust gas analysis is made and that 
some combustible components are found. The method of pro¬ 
cedure will then be as follows: 

Example. — Fuel used is producer gas with the following composition by 
volume: 18.73 per cent IL; 25 07 per cent CO; .31 per amt CH*; .31 per cent 
CaH,; 48.98 per cent Na; 6.57 [»er cent CO2; 03 per cent Oa. Higher heating 
value 159 B.t.u. per cubic foot. 

The exhaust gases showed by volume: 

13.9 per cent COj; 5.2 per cent Oi; .9 per cent Ha; 1.4 per cent CO; 78.6 per 
cent Na. 

Temperature in exhaust =» 752® F. 
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The problem consists of the following parts: 

(a) The computation of the quantity of the products of combustion. 

(b) Ratio of air to fuel used, and the excess air. 

(c) The heat loss in exhaust 

For the purpose of comparing them with the results of the exact method 
for computing the quantity of the products of combustion, as found under 
(a) below, the figures under (d) below show the results when the usual ap¬ 
proximate method, that is the one assuming complete combustion, is used. 

(a) Computation of Quantity of Products of Combustion. Exact Method 

ITie method used is essentially that developed for the flue gases from fur¬ 
naces in Chapter XIII, and the student is referred to that chapter for the 
development of the formulas and equations used 

The first step is to convert the per cent by volume composilion of the fuel 
gas to the weight per rent basis, 'fhe follow'ing table shows the computation 
involved. 




Weight pel SUmiurd 

Wvight of the lodiMflual 

( omxMjsition, 


Per ( ent bv 

( u 1 t <if the indiv id 

Gases in One St mdard 

Per Cent by 


V olumt 

ual 

( u It 

Wtight 



l.l)S 

Lbs 


Ih 

73 

00561 

00104 

I 54 

CO 

25 07 

07807 

01957 

29 02 

cri. 

31 

! 04404 

00012 

X 7 

t’jIU 

3 ^ 

07800 

00023 

35 

Ki ‘ 

48 08 

07831 

03835 

56 89 

(a 

6 !;7 

12341 

1 O080O 

12 00 


03 

o8Q2I 

1 00002 

03 


100 00 


‘ 0^3730* 

100 00 


* Summ iljon is wpiifbt per staiulanl tulnc ft>ot of fuel gas 


From the weight analysis, it is now^ possible to compute the actual weights 
of carbon and of hydrogen that went through the engine per pound of the 
fuel gas. If we next assume that alt of the carbon contained in th$ fuel gas must 
in some form or other reappear in the evhami gasesj we can at once determine the 
relation existing between the weight of fuel gas used ami the weight of exhaust gases 
formed by aid of the exhaust gas analysis. 

The only factor that might invalidate this assumption is the carbon deposit in 
the c>^Iinder. This per pound of gas, however, would be so small as to l:ie 
negligible. 

The actual weight of carbon contained in a pound of the fuel gas is; 
yx.2902 ® .1244 pound (from CO content), X .00x7 = 0013 pound 
(from CH4 content); ii X .003s .0030 pound (from C1H4 content); and 

ii X .12 .0328 pound (from COj content); making a total of .161S pound 

of carbon (« c, see below). 
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Similarly the actual weight of hydrogen is: 

.0X54 pound (from Ha content); A X .0017 « .0004 pound (from CH4 
content); and X .0035 ,0005 pound (from the CalL content): making 

a total of .0163 pound of hydrogen. 

From the equation on p. 535, the relation between the carbon in fuel and that 
in the flue (exhaust) gas is 

/44CO2 , 28C0\ 

c « 4-— - • 

V 3.66 .\33 / 

By substituting in this the value of c as above computed, ajso the percentage of 
C02 and CO from the flue gas analysis, we will have 

\ 3.66 2.33 / 

from which n == .00088. 

With this value of w, and in connection with the exhaust gas analysis, we 
may next compute the actual weight of the various products of combustion 
by aid of the equations developed on p, 535. 


Weight of free O2 
Weight of CO2 
Weight of CO 
Weight of Nx 

Weight of H2 (not burned) 


= .00088 X 32 X 5.2 
*= .00088 X 44 X 13.9 
= .00088 X 28 X 1.4 
= .00088 X 28 X 78.6 
= .00088 X 2 X .0 


= .1465 pound. 
= .5360 pound. 
- .0345 pound 
« T.9350 i>oun(l. 
« .0016 j.>ound. 


Hi actually burned is therefore = .0163 .0016 =* .0^7 pound, and the 

water vapor (H2O) resulting will be 9 X .0147 = .1312 pound. 

This determines the weight of all of the products of combustion, with the 
exception of the water vapor as humidity in the air used, which may be neg¬ 
lected.* The sum total is 


Oa COt CO Ns Hi HjO 

1465 + . 5360 + .0345 -f T‘935o 4 .0016 4 .X312 = 2.78 pounds. 


(b) Ratio of Air to Fuel Usedy and the Excess Air, 

Since the exhaust gases >veigh 2.78 pounds per pound of gas, the air added 
to each pound of fuel gas to form the mixture must evidently have been 1.78 

pounds. The ratio is then by weight. The gas weighs .0674 pound, 

(see table above) and air .0807 pound, per standard cubic foot. This would make 

the mixture under these conditions consist of ^4*84 cubic feet of gas. 

* Water brought in as humidity in air amounts to about ,001 pound per cubic foot 
of gas. 
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and -J— » 22.05 cubic feet of air. This makes the ratio of — by volume 
.0807 gas 

« ^ 2:05 ^ 

14.24 I 

From equation (12a), p, 859, the theoretical volume of air required by this 
gas per standard cubic foot 

^ — - 7 3 . ^ ^2 X.0031) + (3X^0031) - .0003 

W . . ... . . .. .. = I.12 CU. ft. 

.21 

This would indicate an air excess equal to - 5 -—« 33 per cent, by volume. 

1.12 

But the result of the computations above has shown that *0345 pound of CO 
and .0016 pound of Ha remained unburned per pound of fuel gas, and therefore 
required no oxygen. These weights amount to .03 cubic foot of CO and .02 cubic 
foot of Ha per standard cubic foot of fuel gas. $0 that only .2207 cubic foot of 
CO and .1673 cubic foot of II2 actually burned. This reduces the theoretical 
air supply necessary to i.oo cubic foot per cubic foot of gas, and the real 

excess of air therefore is =« 4Q per cent, by volume. 

1.00 

Cr) The Heal Loss in Exhaust, — This is, of course, made up of the heat lost 
in the combustible components of the gas plus the quantity of sensible heat 
carried off, measured above some assumed datum temperature, say 32® F. 

(1) Heat lost in combustible components: 

In CO « *0345 X 4,380 « 151 B.t.m 

In Hj =» .0016 X 61,950 = Q9 B.t.u. 

250 B.t.u. 

(2) Sensible heat lost. 

This is in any case (except that of water vapor) equal to the weight of the 
particular gas multiplied by the temperature range ^ 752 — 32 ** 730'', and 
by the mean specific heat, Cpm between 32° and 752"^, as taken from the curve 
sheet. Fig, 537* 

Sensible heat lost in Oj = .1465 X 730 X .222 = 24 B.t.u, 

Sensible heat lost in COa « .5360 X 730 X .227 « 89 B.tu, 

Sensible heat lost in Na *= 1.Q350 X 730 X .251 - 354 B.t.u. 

467 B.tu. 

(3) Heat lost in water vapor (see p. 467) 

« .1312 (1058.7 + .455 A ~ A + 3^) 

.1312 (1058.7 + 455 X 752 - 32 -f 32) « 184 B.t.u. 
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Total heat loss per pound of fuel gas is 2504-467 -f 1B4 = Ooi B.tu 
Higher heating value of gas (computed) per standard 

cubic foot. iSpB.t.u. pg 

Higher heating value of gas (computed) per pound. . . 2360 B.t.u. 

Total exhaust gas loss. 38* 2 per at 

Loss in combustible gases . 10.6 per cei 

l^ss in sensible heat. .. . 27.6 per cen 


(d) Approximate Method of Computing Quantity of Products of Combustion, — 
Where the combustible components of an exhaust gas have not been determined 
(i.e., are assumed not present), a somewhat shorter method, giving a result 
which will be more or less correct, depending upon the error involved in suc\i 
assumption, may be used 

In that case, the exhaust gas analysis above given would have been, by 
volume; 

13.9per cent CO2; 5.2 per cent Oj, and 8o.g per cent Ng (by difference). 
From equation (15a), p. 859, the total number of cubic feet of N2 that would 
have resulted from the combustion of one cubic foot of the fuel gas wit'' the 
theoretical air supply of 1.12 cubit feet per cubic foot of gas, is 

N2 - (.70 X 1.12) -f .4898 = 1.3746 cu. ft. 

Of this total, = 64.37 per cent is due to air used; ~ 35.65 per 

1.3746 1-3746 

cent is due to N2 already in fuel gas. 

Tlie computation for total air really supplied may now be made as follows: 
Total N2 from exhaust gas analysis — 80. 90 

Of this amount, N* due to exce.ss air (as measured by free O2) 

=19.60 

21 _ 

Leaves Na due to fuel gas and to air actually needed 61.30 

Of this remainder, 35.63 per cent is due to Nj content in fuel gas = 21.85 


Leaves Nj due to air actually needed 
From this data 


39^45 


Excess coefficient == - 


N2 due to excess air -f N* in air needed 


Nt in air needed 
IQ.60 + 39-45 59-05 


39*45 


39-45 


= 1.50. 


This result would show that the volume of air supplied per cubic foot of gas 

I 68 

fs 1.50 X T-12 = 1,68 cubic feet, and that the volume ratio is instead of 
—as the exact method shows. The discrepancy is primarily due to the fact 
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at approximate method is compelled to assume that the air actually used 
le combustion is that shown to be the theoretical volume necessary, i e,, 
« cubic feet. The fact is, however, that on account of incomplete combus- 
1, the real volume of air used up is only i.oo cubic foot per cubic foot of fuel 
s. Therefore this is the figure which should have been multiplied by the 
cess coefficient 1.50 to obtain the total air supply, 
id wchave 1,50 X 1.00 « 1.50 cubic feet, which 
frees very closely with the exact result. 

The computation by the approximate method 
here primarily made to indicate what the degree 
error involved in some cases may be. Of 
>urse not having the complete analysis of the 
haust gases, we are compelled to assume com- 
ete combustion, i.e., that the theoretical amount 
air that was required Is 1.12 cubic feet (in this 

.sc). The result is that the ratio of Is de¬ 
gas 

rmined too large by ^‘"^5 == 12.8 per cent. 

149 

388. Experimental Determination of Ex- 
aust Loss. — The heat lost in exhaust has 
so been experimentally detennined. 
taus* constructed an exhaust gas calc- 
meter of which the details are shown in 
ig, 547. The gases find their way from 
le exhaust pipe a into the muffler C. 
he latter is enclosed in the calorimeter, 
hich consists essentially of a w^ooden box 
lined with galvanized iron. The lower 
id of the box is open and rests in the , 

ough B, in which a water-seal of constant fk.. 547.-STAUS Exhaust 
?ight is maintained by means of the tiAs Calokimeter. 
/•erflow funnel m. The exhaust gases pass from C into six 
pes E, arranged as shown, and escape into the box A through 
bows at the lower end. The box being sealed below, the funnel 
)ening also being covered by the hood n, the gases rise in A and 
lally escape through b. In their ascent they meet fine streams of 
iter produced by the spray nozzles k, the water-supply head being 

• A. Staus, ZeUsthriJt dcs Vercins deulscker Ingenieure, May 3, 1902. 
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maintained constant by the constant head apparatus F. Valve e 
controls the rate of supply. Thermometers at J and K determine 
the temperature of water entering and leaving; thermometer L, 
the sensible heat still remaining in the gas above any assumed 
datum. Two small windows I are furnished to watch the operation 
of the spray nozzles. Means must, of course, be furnished to accu¬ 
rately determine the quantity of water used.* 

The method of computation is obvious. It should be noted 
that the results obtained can be accurate only as long as the gases 
contain no combustible parts. If these are present, the heat of 
combustion in them will escape through b unaccounted for. 

389. The Determination of the Quantity of Producer Gas Made 
per Pound of Fuel. — There are two methods open, one of which 
may be called mechanical, the other chemical. 

The mechanical method consists in the use of gas meters, Venturi 
meters, Pitot tubes, etc. Concerning these instruments the student 
is referred to Chapter XII, for discussions regarding theory, accu¬ 
racy, precautions necessary, etc. It may be said that where the flow 
of gas from a producer is fairly steady, i.e., in a pressure plant, the 
means above mentioned will give excellent service if properly used, 
but in a suction-gas plant, the difficulties encountered on account 
of the rapid fluctuations of velocity, are in most cases insurmount¬ 
able. In pressure-gas plants the gasometer method, which con¬ 
sists in determim'ng the rate of fall of the gasometer bell while the 
gas inlet is closed (purge pipe on producer open) and the engines 
or other apparatus arc drawing on the gasometer, is sometimes 
used. Unless the demand is fairly constant, these determinations 
have to be made often in order to obtain an average rate of fall. 
This coupled with the difficulty of accurately rating the capacity 
of the gas holder for a given drop, especially in large sizes, operates 
against the accuracy of this method, although it is often the onlv 
one available. 

The chemical method of determining the volume of gas made is 
of interest and of general applicability. It depends upon the fact 
that all of the carbon contained in a fuel used in a gas producer 

* An exhaust gas calorimeter ot similar construction is now on the maxket, made by 
Junkers & Co., Dessau. 
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must reappear in some form or other in the following four ways: 
(a) as gaseous carbon in CO and in COj in the producer gas, or in 
CH4, C2H4, etc., as distillation products in the gas; (b) as solid 
carbon in the refuse (ash) from the producer; (c) as gaseous carbon 
in the hydrocarbon gases (tar) not included m the distillation prod¬ 
ucts under (a); and (d) as dust or soot carried mechanically out 
of the producer by the gases and deposited in the pipes. All of 
these items are susceptible of determination with a degree of accu¬ 
racy sufficient for engineering work. 

If we let Cf represent the weight of total carbon in a pound of 
the fuel used, as determined by chemical analysis; 

Cg the total weight of carbon that can be accounted for, by 
computation from chemical analysis, in a standard cubic 
foot of the producer gas made; 

C, the weight of carbon which appears in the refuse per pound 
of fuel fired; 

Ct the weight of carbon that appears in tar per standard cubic 
foot of producer gas; 

C, the weight of carbon appearing in soot or dust per standard 
cubic foot of producer gas; and 

V the number of standard cubic feet of producer gas made 
per pound of fuel fired, 
we must have the relation 

from which 

V — — Ss-. .. standard cu ft. per 11 j. of fuel tired. (11) 

Q and are determined from the chemical analysis of fuel and 
refuse. See Chap. XIII. C'„ is computed from the volumetric 
chemical analysis of the producer gas. The determination of C, 
and of C, needs further consideration. 

Determination of Tar and Sool. — There are several t>'pes of 
apparatus which may be used for the quantitative determination 
of tar. In some of them the tar is taken out of the gas by means 
of alcohol, in others some kind of a dry filter (dried asbestos fiber 
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or wool) is used. The method given by Tieftrunk* belongs to 
the first class. 

The apparatus is shown in Fig. 548. It consists of a cylinder a 
which is fitted with a tight-fitting cover b held on by clamps kk. 
The tube eg, through which the gas enters, reaches nearly to the 



lUG. 548 —'JlLlTRUNk ApPARATI S lOK T VR J ) IT LRMIN ATION 


bottom of a. Over the lower end of g there are slipped five or six 
bell-shaped brass plates h, perforated with holes 1.5 mm. in diam¬ 
eter and 5 mm. apart. Cylinder a is filled with alcohol (’30 to 35 
per tent by volume) to a height sufficient to cover the last plate. 
The gas, after bubbling up through the alcohol, leaves through d 
and passes next through a U-tube / filled with cotton. The last 
cylinder in the series, which the gas enters at c, is filled at 0 with 
cellulose, and upon this rests a column mm of bog-iron ore, separated 
from the cellulose by a filter paper. This cylinder is used to take 
HjS out of the gas, which is done for the purpose of protecting the 
delicate gas meter connected to the outlet p. The gas is drawn 
through the entire apparatus by means of some type of aspirator 
pump connected beyond the gas meter. In case of producer gas, the 
use of the HjS absorption apparatus may be dispensed with, and the 
same may be done for any gas if some device other than a gas meter, 
as for instance a gasometer, be used to draw and measure the gas. 

* Winkler, Industriegase, Vol. II, p. 51; also Hempel-Deunis, Gas Analysis. 
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Since the gas sample for this test must be taken close to the pro¬ 
ducer, ahead of the scrubber, the gas is apt to be too hot to be taken 
directly into the apparatus, and for that reason a glass condenser 
(not shown in Fig. 548, see E in Fig. 549) is interposed between 
the tube c and the gas-sampling tube in the gas flue. The piorcelain 
sampling tube is open at the end, and is introduced into the gas 
main through a gas-tight stuffing box. The end of the sampling 
tube must, of course, face the gas stream. The Connection between 
sampling tube and condeiuser cannot be made by rubber tubing, 
on account of the heat, and it is usually necessary to make some 
kind of a coupling with a slufling gland at each end. The con- 
den.ser is tilted toward the alcohol cylinder, so that the tarry gases 
condensing in it will flow into the cylinder by gravity as far as 
possible. 

The minimum quantity of gas that should be passed through the 
apparatus is about 20 cubic feet, the suction pump being so regu¬ 
lated that not more than 1.5 to 2.0 cubic feet passes per hour. 
The soot and tar collect in the sampling tube, the condenser, and in 
the alcohol cylinder. If any of the tar should pass the latter, the 
cotton in / will be colored brown. At the end of the test, after 
noting the exact volume of gas that has passed, together with pres¬ 
sure and temperature at the meter, the apparatus is taken apart 
and transported to the chemical laboratory. Here all traces of 
soot and tar in condenser and sampling tube are carefully washed 
out with alcohol and added to the contents of the cylinder (the tar 
is extracted from the cotton by means of carbon disulphide, if that 
should be necessary). The chemical determination of the amount 
of carbon carried by the material collected is then made. Since 
neither the operation of washing, nor extraction, can be done by the 
engineer in the field, and since the detennination of the carbon 
must be done by a chemist, no further directions will be given, but 
the student is referred to books on chemistry. 

The second type of apparatus is simpler, and by means of it, tar, 
soot, and water vapor may be determined. It is known as Lord’s 
apparatus. Fig. 549. The following description of its action is 
trken from Wyer.* 

• S. S. Wyer, “ Producer Gas and Gas Producers.” 
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“ B is the sampling tube made of 0.5-inch pipe which is placed 
in the gas flue; J is an annular jacket surroxmding it, and has pipe 
connections at D and C. Live steam is blown in at D, and out at 
C, the object of this being to keep the temperature of the iron pipe 
below the point at which the iron would act on CO2. This will 
secure a sufficient cooling, and yet will leave the temperature high 
enough to prevent the condensation of moisture. E is an ordi¬ 
nary condenser through which cold water is circulated. F is a 



Fig. 540. — Lord’s Apparatus foe Tas and Soot Dktfrjiination. 

small flask filled with ignited asbestos fiber and containing a ther¬ 
mometer G. J and L are tanks filled with water and connected at 
K. 7 is a valve. Tf is a rubber tube, connecting J and F. Q is 
a thermometer placed in a stopper in a pipe with valve E, the object 
of this valve being to make it possible to remove the thermometer 
when gas is in the tank /. Af is a float to which is fastened the 
curved tube N, which acts as a siphon and which has a .small nozzle 
0 , with a pinchcock F on the rubber connection. The object of 
the float and tube is to keep a constant head above the nozzle, and 
thus insure a uniform flow through it. 'I'he operation of the tank 
is as follows; Disconnect the rubber tube H and fill the tanks J 
and L with water until they overflow at the valve 7 ; fill the siphon 
N with water and close the stopcock P, attach the rubber tube H 
to stopcock 7 , circulate water through the condenser E, and steam 
through the water jacket A. Then open valve P; the water will 
be drawn out of tanks L and /, and the gas will be drawn through 
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condenser E, flask F, and tube H into the top of the tank J. The 
water in excess of the saturation of the gas at the temperature of 
the small flask is condensed, and any tar and soot in the gas retained 
in the ignited asbestos in the flask. After the test, the flask and 
its contents are weighed, and the increase over the weight taken 
before the test gives the quantity of the tar and water condensed 
from the volume of the gas which has passed through the flask. 
This volume is determined by measuring the quantity of water 
which had run out of the aspirating tank J. 

“ The quantity of water remaining in the gas, after passing out of 
the little flask used as a receiver, is calculated from the temperature 
of the issuing gas, which was saturated with water vapor. The 
water in the gas is then the sum of the permanent vapor and that 
condensed. The water in the flask is determined by drying the 
contents over sulphuric acid to constant weight and determining 
the loss. The dry contents are then ignited and the further loss 
of weight estimated as soot and tar. 

“ Let B *= barometric pressure. 

Tl = temperature of gas in tank. 

Tb =» temperature of gas in flask. 

Vt =■ volume of wet gas in tank at temperature Tt. 

= Vt reduced to 32° F. and 14.7 pounds per square inch. 

Vd = volume of dry gas at 32° F. and 14.7 pounds per square inch. 

Bt = aqueous tension of water vapor corresponding to Tt. 

Bb = aqueous tension of water vapor corresponding to Tb. 

W •=■ weight of I cubic foot of water vapor corresjwnding to Tb. 

TF6 to weight-of water vapor condensed in flask. 

Wt = weight of permanent water vapor in volume Vs. 

Kb 

— = percentage by volume of water vapor in flask. 

3 

Bi 

— » percentage by volume of water vapor in Vs, 

3 

_ Bt\ 

~b}' 

ah 

Vs « total volume of permanent water vapor in Vs, 

3 

Vs~W =. Wt. 

3 

Wt + Wb *= total weight of water carried in volume, Vd, of gas.” 


Fd - Fj 1 
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If in this apparatus a porcelain collecting tube instead of the iron 
be used, the heater may be dispensed with, in case the test is made 
on raw (hot) producer gas. Further, for the purpose in view, 
which is the determination of the weights of carbon in the tar and 
soot, this procedure must be changed in so far that, after drying 
the flask to constant weight, the percentage of C in the excess weight 
remaining must be determined by chemical means. It need hardly 
be said that, where a good meter (of the type of the Junker calorim¬ 
eter) and a suction pump is available, vessels J and L may be dis¬ 
pensed with. 

The following is an example of the chemical method of determin¬ 
ing the volume of gas made per pound of fuel. 

Analysis of coal: HjO, 1.61 per cent; Cj, 74-05 per cent; Ha, 4.41 per cent; 
S, i.r? per cent; ash, 14.09 per cent. 

Analysis of gas: CO2, 2.11 per cent, by vol.; CsH*, .30 per cent; Os, 2.63 per 
cent; CO, 25.83 per cent; CH4, 2.10 per cent; Hj, 8.10 per cent; Nj, 58.93 per 
cent. 

Analysis of ash: 10 per cent Cj. 

' Percentage of refuse is 15.60. 

Tar and soot determination; 15.96 cubic feet of ga.5 (at a vacuum of 3 inches 
of water and a temperature of 80° F.) showed .3909 gram of C in tar and soot. 

Here C/ = .7495 (see page 885). 

C„ is found as follows (the gases carrying carbon being COi, CO, CH*, and 
CjHJ: 


Kind of Gaa. 

; Cubic Feet Present in j 

1 Standard Cubic Foot 

1 of Producer (las 

1 

Weight of Carbon in i 1 
Staritiard Cubit Foot 
of f he Kind of Gas 

Weight of Cari)on in 
Each Kind of Gas 
Present. 

CO2. 

.0211 

b 

o* 

* 

j 

.00070 

CO . 

■ 2.?83 

o ^34 

.00868 

CII* . 

0210 


.00070 

CiH*. 

0030 

.0668 

00020 




i Cg = 01028 


• To ahow the clenvwtiun of this, we ht\c 
fHtumt the weight of CO* .t 3 54r Ib per tu ft 

03341b, 


1 lb C produce-^ ^ 66 U)« CC)#; und under btandiird con- 

Hence the weight of carbon |>cr cu. ft -- - 

3.66 X 


C, the weight dx cat*bon lo^t in ash ro per cent of ,1560 «» ,0156 pound 
per pound of fuel 

r i *3000 

4.,, + , » .00005 pound per cubic foot of gas. 
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Here 453.6 is the number of grams per pound. The volume of gas (15.96 
cubic feet) has not been changeti to standard conditions in this case, as the 
correction would not amount to anything, in view of the small weight of carbon. 

The gas made pet pound of coal from the above data and equation (31) will 
then be 


- 

Cj + c* + c» 


■7405 - .0156 
,01028 + .00005 


71.0 standard cubic feet. 


390. The Testing of Gas Producers and of Gas Engines. — A 

code for testing gas engines was adopted and published by the 
American Society of Mechanical Engineers as an Appendix to the 
“ Steam Engine Code " in Vol. XXIV (1902) of the Transactions. 
This was followed in 1905 by a code adopted by the British Insti¬ 
tution of Civil Engineers. Finally in 1906 the Verein deutscher 
Ingenieure adopted a code which was translated by Mr. F. E. Jimge 
and published in Power, Feb., 1907. The latter code also takes up 
the matter of testing gas producers. 

While these codes contain a lot of valuable information, it is 
true, particularly of the American code, that the information given 
in many cases is not suiTiciently detailed to guide a student com¬ 
pletely. I'hese matters have therefore been taken up at greater 
length in the preceding paragraphs in this chapter, and their dis¬ 
cussion will be completed in the paragraphs following. Other 
provisions of the code (those referring to the calibration of instru¬ 
ments, determination of brake horse-power, etc.) have already been 
fully discussed in other parts of this book. It is therefore judged 
best not to publish any of the gas-engine codes in full, but to set 
forth the main viewpoints determining the arrangements necessary 
for a test of a gas producer or a gas engine, and to incorporate into 
the discussion those parts of the codes that are pertinent and are 
not covered in any other parts of this book. 

391. Directions for Testing a Gas Producer. — The object of the 
test is, in general, to determine either efficiency, or capacity,or both. 
Secondary objects may be to find the most suitable fuel for any 
given type of producer, to determine the best ratio of water to air 
for any given fuel, to determine the tar and water-vapor content 
of the gas made, etc. 

The capacity of a producer is usually stated either as the horse¬ 
power it is capable of supplying in gas engines, or as the number 




1 
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of pounds of coal that each square foot of producer-grate area will 
convert into gas per hour (so-called gasification capacity). Since 
engines differ as to the amount of gas required per horse-power hour, 
and different fuels show quite different gasification qualities, it 
must be evident that either method of rating capacity requires 
definite specifications as to engines or fuels. This is a matter that 
must be carefully covered in the guarantee. 

Capacity tests are a simple matter as it is generally only neces¬ 
sary to load up a producer either by sufficient engine capacity or 
by rerao\'ing the gas made in some other manner and observing 
whether the plant will stand up to this service for the time specified 
in the contract. Measurement of engine output, or of fuel con¬ 
sumed, is really all that is required. 

It will be assumed, however, that it is desired to make an efficiency 
test and to establish, as far as possible, a complete heat balance. 
For that purpose the following requirements should be met and 
arrangements must l>e made to determine the following items. 
In any given case, modifications and simplifications may be intro¬ 
duced to suit the particular object in view. 

1. Examine the producer for defects and remedy these if a max¬ 
imum efficiency test is to be made. Determine the dimen.sions of 
the grate, the contour of the walls, and make .sketches of any un¬ 
usual constructive details. 

2. Dmration of Trial .—The viewpoints which control this are 
very much the same as for a boiler test. On account of the difficulty 
of properly judging the contents of a producer, a trial should never 
be less than 8 hours in duration, and preferably not less than 12. 
It depends, of course, upon the usage in the particular plant if a 
plant test is desired, as to whether a test can be extended beyond 
8 or 10 hours or not. 

3. Starting and Stopping. — The producer should be thoroughly 
heated before starting a test, i. e., it must be in operation for a suffi¬ 
cient length of tiine(not less than 24 houxs)tmder normal conditions, 
and if possible on the same grade eff fuel, to allow of the attainment 
of average normal temperature in brici work, flues, etc. The 
condition of the fuel bed must, of course, be the same at the end as 
at tbe beginning. Note, at the beginning, the portion of the ash 
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and incandescent zone, the upper level of the fuel bed, and its con¬ 
dition with respect to covering of green fuel, etc. During the trial, 
maintain these conditions as nearly as possible, cleaning out ash, 
poking fire, etc., the same as in ordinary operation, and at the end 
have the conditions the same as at the beginning, as nearly as 
possible. Clean out the ash pit immediately before the beginning 
and before the end of the trial. If it is not possible to remove ashes 
and clinker during the trial, shut down the producer immediately 
after the expiration of the time, clean out the refuse, and bring the 
fuel bed to the initial condition at the start. The fuel so used must 
be added to that used during the trial. 

If the plant uses an auxiliary boiler to furnish steam to the pro¬ 
ducer, the start and stop of the test with respect to this auxiliary 
should be managed exactly as laid down in the code for boiler 
testing. 

4. Conducing the Trial. — Arrangements must be made to make 
the demand for gas uniform, as far as po.ssible. Uniformity of con¬ 
ditions should also prevail with respect to steam pressure and air 
blast (in the case of a pressure plant); quantity of water supplied 
to the air (in case of a suction plant); thickness of fuel bed and ash 
column; frequency of firing and amount of fuel fired; poking fire 
and interval between cleaning fires. 

Keep as complete a record as possible. Record the time of every 
observation of weight, temperature, etc., and take note of every 
event, however unimportant it may seem at the time. 

5. Observations and Calculations Required. — (a) Weight of fuel 
and refuse. The sampling is carried out as outlined under Boiler 
Tests. 

In some types of producers the raking out of ash may bring down 
some unbumed fuel. This may either be returned to the producer 
or its weight may be subtracted from the weight of fuel used. Any 
unburned fuel, however, that falls through the grate while the 
producer is operating normally must be counted as refuse. Neither 
can an allowance be made for any fuel dust that gathers in the 
pipes and flues during a long-continued test. 

Any fuel used by an auxiliary boiler for furnishing steam must 
be added to the fuel used by the producer. 
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Laboratory samples of fuel and refuse must be taken in the usual 
way. In some cases the ash is wet down during drawing, or it is 
wet as it leaves a producer of the water-bottom t>’pe. In such 
cases, determine the weight of the wet ash, after allowing the water 
to drain off, and then immediately take a laboratory sample in 
order to be able to allow for the water content and thus to obtain 
weight of normal ash. 

(b) Weight of water supplied to the producer. In case of a 
pressure plant, this is found by weighing the feed water to the 
auxiliary boiler and determining the quality of steam at the pro¬ 
ducer. When the steam for blowing purposes is taken from a 
battery of boilers which are also used for other purposes, nozzle 
or orifice measurement of the flow in the supply pipe to the pro¬ 
ducer may be resorted to. 

In a suction-gas plant the water supplied the vaporizer must be 
accounted for. If the vaporizer is fitted with an overflow to main¬ 
tain constant level, the water wasted, together with its temper¬ 
ature, must be determined. 

Another way to detennine the steam or water supplied to a 
producer of either type is based upon the consideration that the 
hydrogen and water vapor in the resulting gas must come from the 
following sources: moisture in coal, hydrogen gas in coal, humidity 
in air used, and steam supplied. The supply from all of the sources 
but the last can be easily found, so that the last may be determined 
by difference. 

(c) Weight or volume of air supplied. This measurement is 
difficult, in some cases impossible, to make directly. The weight 
of the air that must have been supplied can usually be obtained by 
computation on the basis of gas or fuel analysis and volume or 
weight of gas produced. This computation is similar to that made 
for flue gas. See Chapter XIII. 

(d) Humidity of air supply. This should be determined in every 
case. It may be found by the wet and dry bulb thermometer or 
some other form of hygrometer. See Chapter XXIII. 

(e) Analysis of fuel and gas, and heating value of gas. A com¬ 
plete producer test requires the ultimate analy^s of the fuel used. 
See Chapter JCIII. The methods of sampling and analyzing the 
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gas have already been discussed in Art. 386. The gas should be 
examined for tar and dust. See Art. 389. 

The heating value of the gas should, if possible, be determined 
during the test by means of a calorimeter. 

(/) Volume or weight of gas made. This may in some cases 
be directly measured, but can in all cases be computed with fair 
accuracy on the basis of fuel, gas, ash, and tar analysis. See 
Art. 389. 

(g) Temperature observations. The following temperatures 
should be taken: of external air and of air in the producer room, 
air entering and leaving the economizer or preheater, if one is 
used; of mixture of air and steam entering the producer; of gas 
leaving the producer, leaving the economizer, leaving the washing 
apparatus (or in the gas main); of feed water to auxiliary boiler 
in a pressure plant; or of water entering vaporizer in a suction 
plant (and leaving overflow from vaporizer if necessary). 

All of these temjjeratures can u.sually be obtained with the ordi¬ 
nary mercury thermometer, except the temperature of the gas 
leaving the producer, which will require a pyrometer. 

(h) Pressure observations. These should be as follows: barom¬ 
eter in producer room, steam pressure (in pressure plant), pressure 
in inches of water or mercury of mixture of air and steam enter¬ 
ing producer, of gas leaving producer, and of gas in main beyond 
the washing apparatus. 

The following form for recording ob.servations and the results of 
computations based upon them is, with a few minor changes, given 
by S. S. Wyer in his book on “ Producer Gas and Gas Producers.” 

Data and Results of Gas Producer Test. 

Gefirnil Data. 

1. Test made by. 

2. Test made to determine. 

3. Chemical analyses made by. 

4. Type of producer. 

5. Producer built by. 

6 . Date of installation... 

7. Kind of fuel .. 

8. Form of grate. 
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Genial Data, — Continued. 

9. Form of ash pit. 

10. Form of blower. 

11. State of weather. 

12. Barometer in producer room.. 

13. Date of test. 

14. Duration of test. 


Dimensions of Producer. 

A complete description and drawings of producer should be given on an 
annexed sheet. 

15. Grate surface .Width.Length... 

Diameter. Area.. . 

16. Height of bed of ashes. . ... 

17. Height of top of fire above grate. 

18. Thickness of ash zone.... . . 

19. Position of air pipes. . . . 

20. Position of steam inlets. . 

21. Diameter of producer ... . . 

22. Inclination of bosh wall. 

Average Pressures. 

23. Steam pressure near nozzle (lbs. per sq. in.). 

24. Force of draft in ash pit (in. of water) ... 

25. Force of draft in gas flue (in. of water). 

26. Steam pressure in auxiliary boiler (lbs. per sq. in.). 

Average Temperatures 

27. Of external air. . . 

28. Of producer room. 

29. Of steam near nozzle. 

30. Of air entering preheater.. 

31. Of air entering producer. 

32. Number of degrees of preheating.. . 

33. Of escaping gases from producer. 

34. Of escaping gases from economizer. 

35. Of ash pit. 

36. Of feed water entering auxiliary boiler. 

37. Of water entering vaporizer. 

38. Of water leaving vaporizer. 
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Fttd. 

39. Size and condition... 

40. Total weight o( fuel fired. 

41. Percentage of moisture in fuel. 

42. Total weight of dry fuel consumed... 

43. Total weight of ashes as drawn out. 

44. Percentage of moisture in ashes... 

45. Total weight of dry ashes. 

46. Percentage of carbon in dry ashes. 

47. Total combustible consumed. 

48. Percentage of incombustible in dry fuel. 

49. Total combustible consumed in auxiliary boiler. 

50. Total combustible required to generate the steam used in producer, if the 

producer was used without its own auxiliary boiler. 

51. Total amount of combustible used in the production of the gas. 


Proximate Analysis of Fiiel. 



Of Fud, 

Pff (Vnt 


Of Combustible, 
Per Cent. 

52. Fixed carbon. 




S3. Volatile matter. 




54. Moisture . 

55- Ash. 

! 

100 per cent 


i * y y ’ ^ ’ 

100 per cent 


56. Sulphur, separately determined. 


Ultimate Analysis of Fuel. 



Of Fuel, 

Per Cent 


Of Combustible, 
Per Cent. 

57- Carbon (C). 

58. Hydrogen (H). 

CO. Oxvsren fOV . 









60. Nitrogen (N) . 




6r. Sulphur (S). 

1 



62. Ash.... 

.1 


1 


100 per cent j 

1 

j 100 per cent 


Moisture in sample of fuel as received. 
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Amlym of Ask and Refuse, 

63. Carbon... 

64. Earthy matter. 


Consumption of Fuel, 

65. Total fuel consumed per hour in running producer. 

66. Total combustible consumed per hour in running producer. 

67* Dry fuel per square foot of grate surface per hour consumed in producer 

itself. 


Calorific Value of Fuel, 

68. Calorific value by oxygen calorimeter per pound of dry fuel.B.t.u. 

69. Calorific value by oxygen calorimeter per pound of combustible.... B .t.u. 

70. Calorific value by analysis per pound of dry fuel .B.t.u. 

71. Calorific value by analysis per pound of combustible.B.tu. 


Quality of Steam, 

72. Percentage of moisture in steam. 

73. Number of degrees of superheating. 

Quantity of Steam. 

74. Actual weight of steam per hour. 

75. Ratio of steam to air supply. 

Quantity of Air. 

76. Absolute humidity. 

77. Actual weight of air per hour. 

Water, 

78. Total weight of water used in vaporizer. 

79. Number of heat units carried out per pound of fuel 

Efficiency. 

80. Grate eJfidency of producer. 

81. Hot-gas efficiency. 

82. Cold-gas efficiency. 

Cost of Gasification. 

83. Cost of fuel per ton delivered in producer room.... 

84. Cost per British thermal unit in gas. 

Poking, 

85. Method of poking . 

86* Frequency of .poking. 
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Firing, 

87. Method o£ firing. 

Sk Average intervals between firing. 

89. Average amount of fuel charged eadi time. 

Gas Analysis, 

90. Carbon dioxide (CO»). 

91. Carbon monoxide (CO). 

92. Oxygen (O)... 

93. Hydrogen (H)... 

94. Marsh gas (CH4). 

95. Olefiant gas (CaH4). 

96. Sulphur dioxide (SOs). 

97. Nitrogen (N) by difference. 


Per Cent. 


ICO per cent 

98. Pounds moisture in gas per pound of fuel. 

99. Pounds soot and tar in gas per pound of fuel. 

100. Calorific value of gas from analysis... 

101. Calorific value of gas determined with calorimeter. 

102. Specific heat of gas. 

103. Figure of merit of gas. 

C 

104. Carbon ratio ^. 

H 

105. Volume of gas per pound of fuel. 

In this table the method of obtaining all of the items with the 
possible exception of the efficiencies (items 8o to 82) and of the 
figure of merit (item 103) should be clear. I'hese will be considered 
in the next article in connection with the heat balance. 

392. The Heat Balance of a Gas Producer. — There are two 
methods of establishing a heat balance for a gas producer. In the 
first, the heat interchanges in the endothermic and exothermic 
reactions occurring in the process are computed and a balance 
established between these in connection with the heat supplied in 
air and steam and that accounted for in sensible heat of the gas. 
The item necessary to complete the balance is the radiation loss. 
This method is scientifically very interesting but rather involved.* 

* See an article by K. Wendt on “Unterauchungen an Gaserzeugem,” in the 
Zeilschrift des Vermns deutscher In^enieure, Nov. 28, 1904. Detailed computa¬ 
tions are there given. 
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The second method is much s-mpler and serves very well for all 
ordinary purposes. It is based simply upon the principle of (I) 
accounting for all the heat supplied to a producer, and (11) accoxmt- 
ing for all the heat that reappears in gas, etc. The discrepancy 
between these two accounts is assumed to be the loss by radiation, 
conduction, etc. The heat balance is nearly always established on 
the basis of unit weight of fuel. 

(I) Heal Supplied to Producer. — This consists of the heat in the 
coal and of the heat in the air-steam mixture per unit weight of 
coal. 

(1) Heat value of unit weight of fuel = Qi B.t.u. (32) 

(2) Heat in air-steam mixture consists of three parts: (a) heat in 
air; {h) heat in humidity in air, and (c) heat in steam supplied. 
All these are computed above some reference temperature 
which is usually taken at the temperature of the room that obtained 
during the test. The mixture has a final temperature, as it 
enters the producer, while the pressure is either slightly below or 
slightly above barometer pressure, depending upon the t>pe of 
producer. Under item (c) the weight of steam is determined as 
outlined on page 894. It may be assumed that this steam is super¬ 
heated as it enters the producer. The computations are as follows: 

(a) Heat in air supplied 

= (/„ - tr) = ^ B.t.u., (33) 

where Ga = weight of dry air per unit weight of fuel supplied to 
producer alone, and 

CjM = mean specific heat between and 

{b) Heat in humidity in air 

= UiCp™ (<„ - tr) = 0sB.t.u., (34) 

where = weight of water vapor as humidity carried by pounds 
of air, and 

Cfm = mean specific heat of the water-vapor, which for all 
practical purposes may here be assumed = 46. 

(c) Heat in steam supplied 

- 0 - (/,-32)1 = 04 B.t.u., (35) 
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in which C, = weight of steam supplied per unit weight of fuel, 

X = total heat in steam at the partial pressure due to it 
in the blast or suction pipe, 

= mean specific heat between t„ and l„ in which the 
latter is the saturation temperature at the same 
pressure for which X was found. 

For all practical purposes, the expression 

G, (1090.7 + .455 U - tr) = Q4 B.t.u. (35a) 

may be substituted for the above expression. See Chap. XIII. 

(II) The Heat Accounted for. —This appears in the following 
items: (i) heat value of the clean gas; (2) total heat of the water 
vapor in the gas as made; (3) heat of combustion of the tar in gas 
as made; (4) heat of combustion of the soot in gas as made; (5) 
sensible heat of the gas and its impurities; (6) heat value of the fuel 
in refuse; (7) .sensible heat of the refuse, and (8) heat lost in radia¬ 
tion, conduction, etc. 

(1) Hear value of the clean gas 

= 177 = ft B.t.u., (36) 

where V = the number of standard cubic feet of gas produced per 
jx^und of fuel supplied to produt er, and 
H = the heat value in B.t.u. per standard cubic foot. 

(2) Total heat of water vapor in gas 

= G,mX -f (/„ - 4-) - (/, - 32)1 =ftB.t.u., (37) 
in which G,- = weight of water vapor carried by V cubic feet of gas, 
X = the total heat in steam at the partial pressure due 
it as the gas leaves the producer, 
tg = temperature of gas leaving the producer, 

Cpm — mean specific heat between 4 ^ind l,>, the latter being 
the saturation temperature for which X was de¬ 
termined. 

Here again, as for (I, c) above, the expression 

G,' (1090.7 + .455 tg - /,) = ft B.t.u. (37a) 

may be substituted with sufficient accuracy. 
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(3) and (4). Loss in tar and soot. These are usually deter¬ 
mined together. The loss is somewhat indeterminate, because the 
heat value of the tar varies with its composition- It may be ex¬ 
pressed bv 

(38) 

in which G, - the total weight of tar and soot determined in V 
cubic feet of gas, and 

77 , = heat value of tar and soot, which may be assumed 
at about 14,000 B.t.u. per pound. 

(5) Heat loss in sensible heat in gas and impurities. This loss 
is computed from the weight of the individual gases (CO, H2, CO2. 
Na, CHi, CaH4, etc.) made per pound of fuel supplied the producer, 
and for each one of these is equal to 

(t, - tr) = Os B.t.u., (39) 

where G^ = weight of each gas per pound of fuel supplied to pro¬ 
ducer, 

Cpm = mean specific heat between gas temperature tg and 
room temperature 

Another method is to compute the average for unit weight 
of the producer gas, and to substitute this in equation (34), in which 
case Gg — total weight of gas made per pound of fuel. It should bo 
noted that xmder this head the sensible heat of the water vapor, 
if the gas should contain any, is not considered, having been taken 
care of under (II, 2), equation (37) or (37a). The sensible heat 
lost in tar and soot is a negligible quantity in most cases. 

(6) Heat value of the fuel in refuse. This computation is made 
in exactly the same way as for the similar loss in boilers. See 
Chap. XVII. On the assumption that the combustible part of 
the refuse is coke, the loss may be put equal to 

14,540 (A - B) = B.t.u., (40) 

in which A = the weight of refuse (dry) per pound of coal, and 

B = the weight of true ash (as found by calorimeter) per 
pound of coal. 

(7) Sensible heat in refuse. This quantity is difficult to deter* 
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mine on account of uncertainty as to the specific heat of the ash 
and of the temperature of the ash as it leaves the producer. If 
the ash is allowed to rest in the ash pan for a considerable period, 
a great deal of the heat originally carried down by it is likely to be 
returned to the producer by upward currents of air. In any case 
the loss through this source is small and may be neglected. 

(8) Heat lost by radiation, conduction, etc., is determined as 
the difference between the heat supplied and the heat accounted 
for, and may be expressed by 

i? = S(?i.o 4 - (41) 

393. Computation of Gas Producer Efficiency. — The commercial 
efficiency of a producer varies not only with the manner in which 
the various actions and reactions in the process are carried out, 
but also with the use to which the gas is to be put. The gas as 
it leaves the producer carries two very distinct quantities of heat, 
that bound as chemical energy in the combustible part of the gas, 
and that designated as sensible heat, due to its temperature above 
some reference temperature. There are commercial uses, as for 
instance the heating of steel furnaces, reheating furnaces, etc., in 
which we should strive to utilize, as fully as possible, both of these 
quantities of heat. There are others, notably the operation of gas 
engines, in which we must have a cold gas in order to realize full 
engine capacity. Incidentally, we get this cold gas because the gas 
must be thoroughly washed for engine operation. In such a .case 
the sensible heat is evidently almost entirely lost. The part not 
used in a preheater is carried away by the scrubber water. In the 
first case the useful effect is the sum of the heat of combustion plus 
the sensible heat; in the last it is practically only the heat of com¬ 
bustion. Evidently, since efficiency is the quotient of useful effect 
divided by heat supplied to produce this effect, the efficiency will 
be different in the two cases. That efficiency which credits the 
producer with the sensible heat in the gas is known as the hot-gas 
efficiency, that which does not is called the cold-gas efficiency. 

Let Hi = heat value of one pound of the fuel as fired, 

Hi = total quantity of heat of combustion in the gas made 
per pound of fuel, and 
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Then 


Hz ~ the sensible heat above some reference temperature 
(usually room temperature) in the gas made per 
pound of fuel as it leaves the producer. 


Cold-gas efficiency 



Hot-gas efficiency = 


Hz + Hz 

'"hT' 


(42) 

(43) 


Referring to the previous article, //i, in a suction gas producer, 
is equal to item (I, i), equation (32), of the heat balance. Hz is 
the same as item (II, i), equation (36), of the heat balance, while 
Hz is the sum of items (II, 2), equations (37) or (37a), and (II, 5), 
equation (39). The computation of the efficiencies from the heat 
balance sheet is therefore a simple matter. 

Since, however, the heat balance is established on the basis of 
the fuel used in the producer only, the above efficiency computa¬ 
tions, if based on the heat-balance items referred to, will apply only 
to a suction-gas plant. In a pressure-gas plant, in which fuel is 
also used in an auxiliary boiler, the items of the heat balance above 
enumerated must therefore be modilied. In most cases the kind 
of fuel used for the boiler is the same as that used for the producer 
and this will be assumed here. Then Ih is the same as before, 
but for the computation of H-j, and IIz, items (II, i), (II, 2), and 
(II, 5) must be modified because, on account of the greater 
amount of fuel now entering the computation, the yield of gas per 
unit weight of fuel is less. The new values of Ilz and Hz can be 
found by multiplying the items mentioned by the ratio 

_ coal used in producer _ 

coal used in producer -f coal used in boiler 

The “figure of merit ” is a term invented to compare the per¬ 
formances of various producers or of the same producer under 
different conditions. It is defined as the heat value of the gas 
produced per unit weight of carbon it contain.s, and is computed 
by dividing the heat value per standard cubic foot of the gas by 
the weight of carbon the standard cubic foot contains. Wyer gives 
the following computation as an example: 
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Component of Gas, 
Volume Per Cent. 

Heat Value Due to the j 
Various Combustible 
Components, B.t.u. 

Weight of Carbon Rep¬ 
resented by the Various 
Component Gases, Lbs. 

COs.... 

. 40 


00134 

CO. . 

. 25 4 

86 86 

00848 

CH4 . 

IS 

16 os 

.00050 

Ha . 

III 

38.40 


N2. 

S8 0 

‘ i 



100 0 


01032 


Hence figure of merit — = 13,6906.1.0.per pound of carbon. 

.01032 

394. The Testing of Gas Engines. — Gas engines, like steam 
engines, may be tested for a A'ariety of purposes. The ordinary 
test consists of the determination of I.H.P. and B.H.P., and of 
fuel consumption. If this is carried out for a series of loads, the 
test is practically one for efficiency and capacity. These are the 
usual items covered in contract guarantees. There are, however, 
a number of other things which may serve as the objects of a test 
on a gas engine, as for instance, the interrelation between economy 
and speed, economy and proportion of fuel mixture, capacity and 
proportion of fuel mixture, economy and capacity with variation 
in jacket temperatures, speed regulation tests,* and a number of 
others. The important thing, of cour.se, is to keep the ultimate 
object clearly in mind and to make the arrangements of the test 
to meet this object. 

In the following directions it is assumed that it is de-sired to make 
a complete capacity and economy test, from the computed results 
of which it will be possible to establish a complete heat balance. 
If in any given practical case the aim of the test is different, 
changes from the scheme can be easily made and will readily pre¬ 
sent themselves. 

I. Examine the engine externally and internally, especially with 
reference to the condition of valve and piston rings, and take note 
of all the conditions that may bear on the object of the test. Fur¬ 
nish dratvings or sketches of any essential parts that caimot be 
clearly described in words alone. 

* I'or speed regulation tests, see Chap, XVIII. 
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K the test is to be for maximum efl&ciency and capacity, all de¬ 
fects should be remedied before the tests. In case of a service 
test, the work is, of course, done with the engine as found, unless the 
conditions should be clearly abnormal. 

2. Determine the principal dimensions of the engine — cylinder 
diameter or diameters, length of stroke, etc. This should be done 
in all cases, whether dimensions are already known or not, and the 
cylinder should be hot when the measurement is taken. Find the 
clearance volume. For the method of doing this, see the Steam 
Engine Test Code. 

3. Calibrate all the instruments used — indicators, gauges, water- 
meters, etc., — if possible, both before and after the test. For 
methods of doing this, see previous chapters in this book. 

4. Starting and Stopping a Test. —In tests to determine the 
maximum efficiency or economy of an engine always operate the 
machine for a sufficient length of time, as nearly as possible under 
test conditions, to make sure that all conditions have become fairly 
constant. Then start the observations and continue for the time 
decided upon under (5) below. 

If the test is to determine the performance under working con¬ 
ditions, the test should start when the engine starts, and should 
continue to the close of the period covering the day’s work. 

5. Duration of Tests. —^I'he length of the test depends somewhat 
upon the object of the test. In the case of economy or efficiency 
tests on an engine using liquid fuel or a “ ready-made ” gas, like 
natural gas or illuminating gas, the time of test, after constant 
conditions have been reached, can be made comparatively short, 
and may in fact be stopped after several successive readings, say 
one-half hour apart, have shown that power developed and fuel con¬ 
sumed are fairly constant. Tests on small and very high-speed liquid 
fuel engines, like automobile engines, sometimes last less than one 
hour for each load, the reading being taken every 5 or 10 minutes. 

Where engines are tested in connection with their gas producers, 
and the guarantee is based upon the coal consumption, as it 
usually is, the test should last not less than 12 hours and should 
preferably continue for more than 24, on account of the difficulty 
of determining the total fuel consumption. 
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In case of service tests (plant tests) the test, of course, continues 
for the usual period of tinae covering the hours of work in the 
particular plant. 

6. Apparatus Required, Observations, and Calculations. —Means 
must be furnished to determine the following items; 

(a) Indicated horse power. The factors determining this quan¬ 
tity are the mean-effective pressure in the cylinder, and the number 
of revolutions or of explosions. 

The pressures and rotative speeds encountered in gas-engine 
work are generally much higher than those found in steam-engine 
practice. This calls for compact indicators with moving parts as 
light as possible consistent with stiffness, the use of strong springs, 
and the substitution of the half-size piston for the normal one. 
On account of the high temperature of the working medium, ex¬ 
ternal spring indicators are of special service, although many of them 
labor under the disadvantage of having rather heavy moving parts. 

Engines operating at speeds exceeding 500 R.P.M. (auto engines 
will run up to 1500 or 2000 R.P.M.) either are not indicated at aU, 
or some form of optical indicator (see Chap. XV) must be employed. 
The indicator pipe must be as short as possible and without sharp 
bends. This is for the purpose of preventing the accumulation of 
an explosive mixture in the piping and to reduce pressure loss as 
far as possible. 

The reducing motion may be of any type best adapted to the 
speed. See Chap. XV. » 

The number of diagrams to be taken varies with the kind of 
engine and largely also with the kind of service under which the 
engine is operating. For an engine which governs by regulating 
the size of the charge, i.e., in which there arc no misstrokes, and 
where the load is fairly constant, a single diagram every 10 or 15 
minutes is quite sufficient. If the load varies, the diagrams may 
either be taken oftener, or a bundle of diagrams may be taken 
on the same card. Where the load is very fluctuating, a good 
method is to operate the indicator for 2 minutes and to apply the 
pencil to the paper at successive intervals of lo seconds during that 
period. The average of all the diagrams so obtained is, of course, 
used for the determination of I.H.P. 
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in an engine governing on the hit-and-miss principle, the succes¬ 
sive cycles occurring between any two miss periods are usually 
not at all of the same size. In such a case, therefore, the pencil 
should be allowed to trace all of the “ hit ” diagrams between two 
successive miss periods, the average being used for the computation. 
In a multicylinder or double-acting engine, one indicator must 
be furnished for each cylinder end. The use of a three-way cock, 
even where this is possible, is not permissible. 

The general horse power formula is 

I.H.P. = (44) 

33,000 


where, as before, p = mean effective pressure per sq. in. of piston 
I = length of stroke in feet, and 
a = area of piston in sq. in. 

X is the number of impulses (explosions) per minute for each 
operating-cylinder end, and it should be pointed out that this 
is not necessarily the number of revolutions per minute in a 
single-acting 2-cycle machine, or one-half this number in a single- 
acting 4-cycle engine. It would be equal to these numbers if the 
engine governs by any of the so-called “ precision ” methods 
(throttling or regulating fuel supply), but in an engine governed 
upon the hit-and-miss principle, x is the number of “ hits ” per 
minute and depends upon the load. For the determination of 
its value in this case, see (c), p. 909- 

If the mean effective pressure p is found from the work diagram 
in a 4-cycle engine (not taking the lower loop area into account), 
or from the power diagram area in a 2-cycle engine, the I.H.P. com¬ 
puted is the gro55 htdicated horse power. In either engine this 
g^coss I.H.P. is used in three ways: useful effect (B.H.P.^loss in 


work (Jiuid friction), the last being represented either by the area 
«r th<- low-r looi. in a 4-cycIe diagram, or by the pump card in a 

Duirin< course, that the engine drives its own 

LHP rp tibe gross I.H.P. less the 

friction ^ friction. In a a-cycle engiiie, tlie 

se power is determined by indicating the p nymp cylinder 
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or cylinders. The ordinary 4-cycle-engine diagram does not show 
in the ordinary case a sufficiently clear lower loop to admit of 
integration. For accurate work, a weak spring card should be taken 
in this case. In many cases, in tests on 4-cycie engines, the power 
loss represented by the lower loop is neglected, although it may 
amount to 3 or 4 per cent of the gross I.H.P. 

(b) The horse power output. This is determined for a gas 
engine the same as for a steam engine, and the student is referred 
to the Steam Engine Code and to 
Chap. X. 

(c) Speed and number of explo¬ 
sions. The number of revolutions 
may be found by means of any of 
the speed-recording instruments de¬ 
scribed in Chap. VIII. The number 
of explosions per minute either bears 
some definite ratio to the R.P.M., 
in engines that do not govern by 
hit-and-miss, or the number is irreg¬ 
ular in engines that are governed 
that way, as above pointed out. The 
number of explosions in such a case 
usually can be found by attaching a 
stroke counter to any reciprocating 
part of the valve gear which fails to 
move every time the engine makes 
a misstroke. Another method, and 
one which also gives a history of 
the force of the explosions, is to use 
an explosion recorder of the t>7>e de¬ 
signed by Mathot. This instrument is shown in Fig. 550. The 
following is the description of its method of operation, given by the 
inventor in his book on “ Modern Gas Engines and Gas Producer 
Plants.” 

The instrument is somewhat similar in form to the ordinary 
indicator. Its record, however, is made on a paper tape which 
is continuously unwound. The cylinder c is provided with a 
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piston, about the stem of which a spring s is coiled. A clock 
train contained in the chamber b unwinds the strip of paper from 
the roll p and draws it over the drum p”, where the pencil t leaves 
the mark. The tape is then rewound on the spindle p'. A small 
stylus or pencil / traces the atmospheric line on the paper as it 
passes over the drum p”. In order to obviate the binding of the 
piston when subjected to the high temperature of the explosions, 
the cylinder c is provided with a casing e in which water is circu¬ 
lated by means of a small rubber tube which fits over the nipple e'. 
This recorder analyzes with absolute precision the work of all 
engines, whatever may be their speed. It gives a continuous, 
graphic record from which the number of explosions, together with 
the initial pressure of each, can be determined, and the order of 
their succession. Consequently the regularity or irregularity of the 
variations can be observed and traced to the secondary influences 
producing them, such as the action of the inlet and outlet valves 
and the sensitiveness of the governor. It renders it jwssible to 
estimate the resistance to suction and the back pressure due to 
expelling the burnt gases, the chief causes of loss in efficiency in 
liigh-speed engines. Furthermore, the influence of compression is 
markedly shown from the diagram obtained. 

The recorder is mounted on the engine; its piston is driven back 
by each of the explosions to a height corresponding with their 
force; and the stylus or pencil controlled by the lever t records 
them side by side on the moving strip of paper. The speed with 
which this strip is unwound conforms with the number of revolu¬ 
tions of the engine to be tested, so that the records of the explo¬ 
sions are placed side by side clearly and legibly. 

Their succession indicates not only the number of explosions and 
of revolutions which occur in a given time, but also their regularity, 
the number of misfires. The pressure of the explosions is measured 
by a scale connected with the recorder spring. By employing a 
very weak spring which flexes at the bottom simply by the effect of 
the compression in the engine cylinder, it is possible to ascertain 
the amount of the resistance to suction and to the exhaust. It is 
simply sufficient to compare the explosion record with the atmos¬ 
pheric line, traced by the stylus /. By means of this apparatus. 
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and of the records which it furnishes, it is possible analytically to 
regulate the work of an engine, to ascertian the proportion of air, 
gas, or hydrocarbon which produces the most powerful explosion, 
to regulate the compression, the speed, the time of ignition, the 
temperature, and the like. 

(d) Measurement of the fuel supply. The common means for 
measuring the fuel supply for gases like illuminathig or natural 
gas is the gas meter. This may also be used for pressure-producer 
gas. On account of the nature of the demand, which is strongly 
fluctuating, esi)ecially if only one cylinder is in operation, it is always 
best to install a reserv'oir of some kind between engine and meter. 
This may be a gas bag, for a small engine, some form of pressure 
regulator, or nothing but a tank of .sufficient capacity to tone down 
the pressure fluctuations. Without this precaution the determina¬ 
tion of average gas pressure at the meter becomes difficult. Be.sides 
the pressure and volume, the temperature of the gas at the meter 
must also be taken. The volume should be reduced to standard 
conditions, 14.7 pounds and 32° F., in the report. 

I'he most common method of determining the fuel consumption 
in a suction-gas plant is to measure the coal used in the producer. 

The measurement of liquid fuels is made most simply by supply¬ 
ing the engine from a tank, calibrated and fitted with a gauge glass 
and scale. As a general thing, however, it is more accurate to weigh 
the fuel. In that case the level of the oil in the tank is noted at 
the beginning of a test, and the fuel necessary to maintain the level 
at the same point, or to bring it back to the same point, is weighed 
and poured in. Where the fuel consumption is large, and a small 
error in weighing causes only a very small percentage error, a method 
that has been used is to put the fuel tank direetty upon scales, and 
to connect the tank by flexible piping to the supply piping of the 
engine. 

Besides the weight of the liquid fuel, temperature and density 
should also be recorded. 

In any engine using a fuel supply for the maintenance of an 
ignition flame, or for any other purpose, the quantity so used must 
be taken into account and separately determined if possible. 

(e) Measurement of air supply. This measurement may be 
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made in two ways: by meter on the air-inlet pipe, or by compu¬ 
tation from the exhaust-gas analysis in connection with the fuel 
analysis. In case a meter is used, the remarks under {d) with refer¬ 
ence to pressure fluctuations apply. For the method of computing 
the air supply, .see Art. 387. 

(/) Measurement of jacket water. This may be detemadned by 
the use of water meters or of weighing tanks. The latter method 
is preferred where it can be applied. The arrangement of tanks, 
and whether the water should be measured before entering or 
after leaving the jackets, is largely a question of expediency, and 
must be decided for every particular case. 

If an engine uses a separate supply for cylinder jackets, and for 
piston and rod cooling, each supply must be determined separately. 

(g) Analysis of fuel and exhaust gases. A comj)lete lest 
should always include the chemical analysis of fuel and exhaust 
gas. For the methods of analyzing solid fuels and exhaust gases, 
the student is referred to Chapter XIII. For the analysis of fuel 
gases, see Art. 386, of this chapter. Methods of sampling, etc., 
are also discussed in the places referred to. 

{h) Heating value of the fuel. In the case of solid fuels (gas 
producer plants), the heating value is determined upon the labora¬ 
tory sample taken on the test. The same thing may be done in 
the case of gas fuels, samples being taken as described in Arts. 275 
and 386. Whenever possible, however, a gas calorimeter should 
also form a part of the test apparatus and the determinations of 
heating value should be made during the test. The computations 
of heating value based on the laboratory analysis will then serve as 
a check upon the calorimeter work. In stating gas-heating values 
in B.t.u. per cubic foot, the volume should be reduced from the 
conditions of test to standard conditions, 14.7 pounds pressure and 
32° F. 

(i) Pressure, temperature, and other observations. The pressure 
observations required are: pressure of gas at meter and barometer 
pressure. 

The temperature readings are: outside air, air in engine room, inlet 
and outlet of jacket water, gas at meter, or fuel oil at reservoir, 
and temperature of exhaust gas. The latter is best taken by means 
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of some reliable pyrometer and as close to the exhaust valve as 
possible. 

Other observations should be: density of fuel oil, if an oil engine 
is tested, and humidity of atmosphere, by wet and dry bulb ther¬ 
mometer, or by some other form of hygrometer. 

7. Recording the Data, and Preparation of Report. —The time of 
taking weights and of recording every observation should be care¬ 
fully noted in the logs. Note every occurrence on the test. Read¬ 
ings 20 or 30 minutes apart are satisfactory when the conditions are 
uniform. Where they vary, readings at more frequent intervals 
should be made. It is good practice to carefully make all readings 
with special care at the end of every hour, so as to divide the test 
into hour periods for the purpose of checking uniformity of condi¬ 
tions as the test proceeds. It is also desirable to plot during the 
test curves of the fuel consumption per hour against brake horse 
power (similar to Willan’s Law, see Chap. XVIII). I'his will at 
once reveal any abnormal conditions that may become operative 
after the test is started. 

The following table, published in the Code established by the 
American Society of Mechanical Engineers, shows the items that 
should be computed for a complete report. 

This is followed by two abridged forms of report, used in Sibley 
College, one for a gas, the other for an oil engine. These forms 
give quite sufficient information for the ordinary commercial report 
and furnish space for the recording of a series of “ runs.” Where 
these have been made at a series of loads, curves of efficiency and 
fuel consumption should be plotted, and should accompany the 
report, to graphically represent the results. (See type examples 
on such curves for steam engines in Chap. XVIII). 

Data and Results of Test of Gas oa Oil Engine. 

Arranged according to the Complete Form advised by the Engine Test Com¬ 
mittee, American Society of Mechanical Engineers. Code of 1902. 

1. Made by .of . 

on engine located at. 

to determine . 

2. Date of trial. 
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3, Type of engine, whether oil or gas 


4. Class of engine (mill, marine, motor for vehicle, pumping, or other) 


5. Number of revolutions for one cycle, and class of cycle, 


6. Method of ignition, 


7. Name of builders . 

H. Gas or oil used. 

(a) Specific gravity. deg. F, 

(d) Burning point. “ 

(c) Flashing point. '' 


9. Dimensions of engine: 

(a) Class of cylinder (working or for compressing 


the charge).. 

(d) Vertical or horizontal. 

(c) Single or double acting. 

(J) Cylinder dimensions. 

Bore. in. 

Stroke.ft. 

Diameter piston rod.in. 

Diameter tail rod. Jn. 


(e) Compression space or clearance in per cent of 

volume displaced by pisfi)n per stroke... 

Head end. 

Crank end. 

Average. 

(f) Surface in square feet (average). 

Barrel of cylinders. 

Cylinder heads.. 

Clearance and ports. 

Ends of piston. 

Piston rod. 

(g) Jacket surfaces or internal surfaces of cylinder 

heated by jackets, in square feet... 

Barrel of cylinder. 

Cylinder heads... 

Clearance and ports. 

(A) Horse-power constant for one pound M.E.P. 
and one revolution per minute..... 


1st Cyt 


2 d Cyl 
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10. Give description of main features of engine and plant, and illustrate with 

drawings of same given on an appended sheet. Describe method 
of governing. State whether the conditions were constant 
throughout the test. 

Total Quantities. 

11. Duration of test. hours. 

12. Gas or oil consumed... cu. ft. or lbs. 

13. Air supplied in cubic feet. cubic feet. 

14. Cooling water supplied to jackets. cu. ft. or lbs. 

15. Calorific value of gas or oil by calorimeter test, determined 

by.calorimeter. B.t.u. 

Hourly Quantities^ 

16. Gas or oil consumed per hour.cu. ft. or lbs. 

17. Cooling water supplied per hour. pounds. 

Pressures and Temperatures. 

18. Pressure at meter (for gas engine) in inches of water... . inches. 

IQ. Barometric pressure, inches of mercury. 

20. Temperature of cooling water: 

(^z) Inlet .. . deg. F. 

(/;) Outlet. . . . “ 

21. Temperature of gas at meter (for gas engine). 

22. Temperature of atmosphere: 

(а) Dr}^-bulb thermometer. ... “ 

(б) Wet-bulb thermometer.. . 

(c) Degree of humidity. per cent. 

23. Temperature of exhaust gases. deg. F, 

How determined. . ... 

Data Relating to Heat Measurement. 

24. Heat units consumed per hour (pounds of oil or cubic feet 

of gas per hour multiplied by the total heat of 
combustion) . B.t.u. 

25. Heat rejected in cooling water: 

(a) Total per hour.... . 

(b) In per cent of heat of combustion of the gas or oil 

consumed. per cent. 

26. Sensible heat rejected in exhaust gases above temperature 

of inlet air: 

(а) Total per hour. B.t.u. 

(б) In per cent of heat of combustion of the gas or oil 

consumed... per cent. 
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27. Heat lost through incomplete combustion and radiation per 
hour: 

(a) Total per hour. 

(b) In per cent of heat of combustion of the gas or oil con¬ 

sumed. 


Speed, Etc, 

28* Revolutiojis per minute.. 

29. Average number of explosions per minute. 

How determined. 

30. Variation of speed between no load and full load. 

31. Fluctuation of speed on changing from no load to full load 

measured by the increase in the revolutions due to 
the change. 


Indicator Diagrams, 

ist Cyl 

32. Pressure in pounds per square inch above atmosphere: 

{a) Maximum pressure. 

{b) Pressure just before ignition,... . 

(c) Pressure at end of expansion. 

(df) Exhaust pressure — . 

33. Temperatures in deg. F. computed from diagrams: 

{a) Maximum temperature (not necessarily at 

maximum pressure). 

(5) Just before ignition. 

(c) At end of expansion. . 

(d) During exhaust. 

34. Mean-effective pressure in pounds per square inch. .. 

Power, 

35. Power as rated by builders: 

(a) Indicated horse power. 

(h) Brake. ... 

36. Indicated horse power actually developed: 

First cylinder. 

Second cylinder. 

Total. 

37. Brake H.P., electric H.P., or pump H.P., according to the 

class of engine. 

38. Friction indicated H.P. from diagrams, with no load on 

engine and computed for average speed. 

39. Percentage of indicated H.P. lost in friction 


B.t.u. 
per cent. 

rev. 

rev. 

3 d Cyl 


H.P 

(( 

it 

t( 

i( 

u 


per cent 
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Siandard Efficiency Results, 

40. Heat units consumed by the engine per hour: 

(a) Per indicated horse power. B.t.u, 

(b) Per brake horse power. 

41. Heat units consumed by the engine per minute: 

(a) Per indicated horse power. ** 

(b) Per brake horse power. ‘‘ 

42. Thermal efficiency ratio: 

(<i) Per indicated horse power. per cent. 

(b) Per brake horse power. “ 

Miscellaneous Effikitncy Results. 

43. Cubic feet of gas or pounds of oil consumed per H.P. per 

hour: 

(a) Per indicated horse power. 

{b) Per brake horse power. 


Heat Balance. 


44. Quantities given in per cents of the total heat of combus¬ 
tion of the fuel: 


(а) Heat equivalent of indicated horse powxr. per cent. 

(б) Heat rejected in cooling water. 

(f) Heat rejected in exhaust gases and lost through radia¬ 
tion and incomplete combustion. 

Sum =» 100 

Subdivisions of Item (c): 

(ci) Heat rejected in exhaust gases. 

{c2) Lost through incomplete combustion. “ 

{c^) Lost through radiation, and unaccounted for. “ 

Sura « Item (c). “ 


Additional Data, 

Add any additional data bearing on the particular objects of the test or 
relating to the special class of service for which the engine is to be used. Also 
give copies of indicator diagrams nearest the mean and the corresponding 
scales. Where analyses are made of the gas or oil used as fuel, or of the exhaust 
gases, the results may be given in a separate table. 
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MECHANICAL LABORATORY, SIBLEY COLLEGE, CORNELL UNIVERSITY. 


Data and Resulis of Test of . . Gas Btigitie 

By ... ipo 

O^W/ of Test . *.-.. -.. 


Run So I 


Puratiaii brs . ... i 

Brakp load, rjc‘t fbs . . , 

total cu ft.I 

^ Gas per hour, cu. ft. . . . j 

Air, total cu ft , .! 

* Air pw hour, oi ft. .. ..I 

Ratio air to gas by weight.... ! 

Jacket water, total lbs . . 

per hour, lbs , 

'* tempt, ententig, F", . i 

“ “ leaving, F* , 

range, F®. 

Revolutions, total. 

“ per hour .. 

'* f>er min. . 

Cycles. i»er min . - 

Explosions, total , . , 

“ per hour . . 

“ l>er min. ,. 

Ratio of explosions to cvtIcs , 
TcmjMTature, exhaust. 

“ riKtm I'”‘ 

range 

* (las, wt, of a cu. ft , IKs 

* Air, wt of .1 cu ft , lbs 

* Mixture, of a cu ft,, llw 

Specific heat, gas . .. ..... 

air . 

“ exhaust gase« 

* Thermal equiv., cu. ft. g.is, R.t u.. 


Run No, I. 


Knuits, 

INWOATAR. 

Maximum press, llis. sq. in, 
Compression press, lbs s^i. in. 
M E V ixiwer stroke.. 

“ comp. “ . . 

I.H.P. net . 

Friction horse power 
Merhanical efficiency, per cent 
Weight of gas per hr., lbs. . 
Weight of air per hr., lbs. 

* Ga.s per J H.P , fier hr , cu ft 
“ “ “ !bs. 

" B.H.P., “ cu ft. 

“ “ “ llw. 


Heat per hour. 

SupfiHcd , . . , . B t u. 

“ . jx^r cent 

Abw^rbed bv jacket water . , B t u ’ 
“ “ '* }x*r cent 

Exbtustcd, . B.t.u 

fier cent 

'lliermaJ cquiv ind work . , B.t u 
" ‘ " “ ., per cent 

Radiation and loss . . , ,B,t u 

“ ” ,. per Gent 

1‘hermal units per 1 H P„ per hr. . 


EFFICTENCIKS. 

Thermal from I H F . , per cent 

“ 1 ) H.P.ix*r cent 

V'olumetric Efficiency.per cent 


in. 


IV. 


Dimmsims of Engine. 


Rated H.P at. .. . RP.M.™ 

Dkmetcr of piston .... .in. 

Area of piston . . . sq. in 

Tcngth of stroke, ... .. ... ft 

Piston dcsplacement.cu, ft 

Clearance ..cu ft 

“ . .per cent 

Diameter piston rexi.in 

“ crank pin.. ... in 

Scale of indicator spring . lbs. in 


Data 

in TIV. 


n 


• At 32* F. and 14,7 lbs. absolute pressure per sq, iu, 
















I 


GAS ENGINES AND GAS PRODUCERS 


MECHANICAL LABORATORY. SIBLEY COLLEGE. CORNELL UNIVERSITY. 
and Remits of Test . ... Oil Engine 


Obsmm 


Date 


Dimensums 
Rated H.P. at . , 
Diameter of p«ton 
Area of piston . , 

Length of strc»ke . . . 

Piston displacement 
Clearance. 

Length of brake arm .. . 
i>cale of indicator spritig 


of Engine. 

. . RP.M.* 

. . .in. 

. sq. in 

.ft. 

.. cu. ft, 

... cu, ft 

,, , , .per cent 

, .lbs, i^er m. 


Oakx. 


RoKi Ko, I. 


Rexulh. 

iin>icArLHi \,vd powjsr. 

Maximum prc.ss, lbs . sq in 
Compression press , lbs sq, in 
M.E.P., net 

J H.P., net. 

D.HP. . . 

Priction horse f>o\ver . ... 


Run No | 1 . | II j ill U 

Duration trial, hn. . j | i ! .. 

Brake lo-ad, net lbs, . . .. j ^ ' 

Oil, total cu. in. . .. ... . 

Oil pt‘r hour, cu in. j * ' 

Abj total cu, ft, meter. [ 1 

• Air per hour, cu ft., standard , j ' 

Weight of air T»er hr., U>s. .... , ; ■ ■ 

Riitio air to oil by weight . , ! 

VV eight of ex gases per hr , Ihs . I 

Jacket Winter, lbs. , . ' 

“ JKT hour, lbs . j 

" tempt entering, F" 

“ “ leiviiig. . 

“ range. F" , . . . . | 

Revolutions, per hour 1 

“ per min . J 

C'ycles, per min , 

ICxplosions, per hour ; 

“ per mill . . i 

Ratio of explosions to cvek's . . | 

Temperature, exhaust, F®. . j 

“ air, V*‘ . j 

“ range, F'*.. . . ^. j 

Sixjcihc gravity of oil .... . , | . t 

* Air. \vt, of a cu ft, lbs ., • ‘ 

Specific heat, exhaust gases . •! i 

Heat in one lb oil, B.t.u , I I ' i 


FUEL CONfeUMKriON. 

on, per hour, pints 
“ “ ibs . , 

Oil per I H.P f>er hr 

“ D.H.P. “ pinLs 

•* “ lbs 

HEAT PES. flOUJL, 

Supplied 

'Phermal epuiv. itid work 

Aljsorbcd by jacket water 

Exhnu.sted . 

Radiation and loss . . B t u. 

“ “ }«*r cent 

Thermal units per 1 H P i)er hr . 

“ “ DHP “ 

ETKlClENrrrE '3 

Mechanical efficicncx" per cent 

I'hermai from T H P . J>cr rent 
‘ “ 1 ) H P. , per C€*nt 

X^lumetric efficiency . ix:r cent 


lU u 
jver cent! 

B t u j 
r>er cent 
B t u 
per cent 
B t ii ! 


I 


♦ At sUndard temperature and pressure (32“ F. and 14 7 
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39$. The Heat Balance for an Internal Combustion Engine. — 

The items of a complete heat balance for an internal combustion 


enj^e may be tabulated as follows: 

B.t.u. Per cent 

(a) Heat supplied per hour . loo.oo 


(b) Heat equivalent of I.H.P.-hour. . 

(c) Heat rejected in cooling water per hour. 

(d) Sensible heat lost in exhaust per hour. 

(e) Heat lost in exhaust through incomplete 

combustion per hour. 

(/) Radiation, conduction, etc., per hour. 

(a) The heat supplied per hour is the product of the quantity 
of fuel used in that time multiplied by the heating value of unit 
quantity of that fuel. There is some disagreement concerning 
which of the heating values, the higher or the lower, should be 
u.sed. American practice seems to sanction the use of the higher 
value, on the ground that the lower heating value is an indefinite 
quantity, varying with conditions. 

In a gas-engine test care should be taken to see that the heating 
value of the gas per cubic foot is stated for the same pressure and 
temperature conditions as the hourly consumption. 

It is assumed that the heat quantities in the balance are computed 
above some reference temperature, ordinarily taken as that of the 
room. That being the case, the heat energy in the fuel is the 
only heat supplied to the engine, provided, of course, that the fuel 
is initially at room temperature. 

(b) The heat equivalent of the indicated horse-power per hour 

= (I.H.P. X 2545) B.t.u. (45) 

(c) The heat rejected in cooling water per hour 

= IF (4-/1) B.t.u. (46) 

in which W = weight of cooling water per hour, 

4 = outlet temperature of water, 
and 4 *= inlet temperature. 
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In case cooling by vaporization is used, the heat rejected will be 
approximately 

= W (970 + 212 — h)) 

»= W (1182 — 4) B.t.u., (46a) 

in which W = weight evaporated per hour. 

970 = latent heat of evaporation under atmospheric 
pressure. 

212 =» approximate atmospheric boiling temperature, 
and h — temperature of cooling water entering the jacket. 

The reason that this expression is not quite correct lies in the fact 
that some vaporization takes place at a temperature le.ss than 212°, 
depending upon barometer pressure and humidity conditions in 
the surrounding air. 

{d} and (e) For the computation of the heat losses in exliaust, 
see Art. 387, in this chapter. 

(/) The radiation loss is determined from the equation 

/ = a - (b-h r+ d + e). (47'' 

396, The Computation of Gas-Engine Efficiencies. — (a) The 

cylinder efficiency, Ee- This efficiency is the ratio of the area of 
the real average indicator card obtained on a test divided by the 
area of the theoretical diagram that would have been obtained 
with the same charge, but provided that there had been no losses 
of any kind. 

The efficiency of this theoretical cycle, which for an Otto engine 
consists of an adiabatic-compression and an adiabatic-expansion 
line combined with a constant-volume combustion and a constant- 
volume discharge line, has already been computed on the basis of 
temperatures on p. 349. Now with the information at hand con¬ 
cerning the comj)osition and weight of charge, it becomes possible 
to compute tlie data for the construction of such a theoretical 
cycle by means of the laws laid down in Chapter XI, provided that 
the temperature at one point is known. Assuming that this is the 
case (see the assumption usually made, as explained in connection 
with the construction of the entropy diagram, Chapter XI), the 
theoretical diagram found will bear a relation to the real indicator 
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card (shaded area) approximately as shown in Fig. 551. It should 
be pointed out that to make this work as accurate as possible, varia¬ 
tion of specific heat with temperature should be taken into account, 
which makes the computation far from simple. The cylinder effi¬ 
ciency is then equal to 




area aebcda 
area a'b'c'd'a' 


(48) 


Another way of computing Ec is to divide the thermal efficiency 
based on I.H P. (see item (b) below) by the efficiency of the 



Fig SSI 


theoretical cycle, which, from equation 73, p. 349, for this cycle is 
T 

1 — - where T% = absolute temperature at a', and Ti absolute 
i 1 

temperature at b'. 

The cylinder efficiency is an expression of the degree to which 
the real engine approaches the performance of the ideal, and gives 
a good idea of the magnitude of the sum of the losses in the real 
engine. 

ib) The thermal efficiency, £«. This may be computed on the 
basis of either I.H.P. or B.H.P. If II represents the heat sup¬ 
plied per hour (item (a) of the heat balance in Art, 395), then 



Thermal efficiency on I.H.P. = 


(49) 
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and Thermal efficiency on B.H.P. = — 


It is becoming the general practice of engineers to express engine 
economy in terms of B.t.u. per horse power per hour instead of 
cubic feet of gas or pounds of oil. The thermal efficiencies then 
may be computed simply by dividing 2545 by the heat consump¬ 
tion per I.H.P. or per B.H.P., as the case may be. 

(c) The mechanical elBciency, JE,«. This is the ratio of brake 


horse power to indicated horse power 



Some difference 


of opinion exists among engineers as to what constitutes tlie value of 
the I.H.P. factor in this ratio. As was pointed out in Art. 394, 
item 6 (a), we distinguish a gross and a net I.H.P. in gas engines, the 
difference between them being the fluid friction, measured in a 
4-cycle engine by the area of the lower loop, in a 2-cycle engine by 
the pumj) work. There is no doubt that, if the mechanical effi¬ 
ciency is to express the real mechanical loss in friction, the formula 
should read 


B.H.P. 

I.H.P.„h‘ 


(51) 


If, on the other hand, it is desired to get an idea of the commercial 
efficiency of themaciiine for fuming I.H.P. into B.H.P., the fomiula 
should read 


- 


B.H.P. 
I.H.P. 


grOMH 


(52) 


In any given test of importance, the mechanical efficiency should 
be stated both ways in the report. 

{d) The volumetric efficiency, This efficiency is the ratio 
of the total volume of the fuel mixture taken into the cylinder 
under standard pressure and temperature conditions, per suction 
stroke, divided by the piston displacement per suction stroke. 
The charge at the end of the suction stroke is under a comparatively 
high temperature, having been heated by the cylinder walls, and is 
further at a pressure slightly below atmosphere. Both of these 
factors combine to decrease the charge weight per cycle, upon which 
engine capacity directly depends, and the volumetric efficiency is 
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therefore in a sense a measure of how nearly theoretical engine 
capacity is realized. 

This efficiency can be found accurately only if both fuel and air 
supply have been determined on a test. Then if 

V - number of cubic feet of gas used per hour, imder standard 
conditions, 

r = volume ratio of air to gas, 

D = diameter of cylinder in feet, 

L = length of stroke in feet, and 
* = number of suction strokes per minute, 
we will have, for a 4-cyclc engine, 


V + Vr 

60 X _ F -f- Tf 

jrD‘^ ~ 47-1 
4 


(53) 


In case of an engine using a liquid fuel, the computation becomes 
uncertain because of the fact that the volume of the liquid fuel 
vapor is a function of cylinder temperature. 

The volumetric efficiency may be approximately computed 
directly from a lower loop card. Let Fig. 552 represent the lower 



Fa;. 5S2. 


loop on a 4-cycle card. The piston displacement is measured by 
the distance a. The volume of the mixture in cylinder under 
atmospheric pressure is measured by the distance b. Hence volu¬ 
metric efficiency is approximately equal to -■ The computation 
is not exact because the temperature factor is left out of account. 




CHAPTER XXII. 

HOT-Am ENGINES 

397. Types of Engles and Methods of Operation. — Hot-air 
engines belong to the class of external combustion engines, as dis¬ 
tinguished from ordinary gas engines, which are true internal com¬ 
bustion engines. The difference lies in the fact that in external 
combustion engines the working medium, which is usually air. 
receives its stock of heat for conversion into work from an external 
source. As stated, a part of this stock of heat is converted into 
work, the rest is discharged by cooling the working fluid by an 
external .source. No actual discharge of working fluid, except for 
leakage, takes place, the same body of fluid serving for every cycle. 
In gas engines, on the other hand, a new charge of working fluid 
is taken in every cycle, and the heat supplied for conversion into 
work is chemically generated by the process of combustion in the 
cylinder itself durmg a certain part of the cycle. The heat remain¬ 
ing at the end of each cycle is discharged with the working fluid. 

There are at pre.sent only two types of hot-air engines in the 
market, the Ericsson and the Rider. These are commonly used 
as pumping engines. Their capacity is generally small, owing 
mainly to two causes. In the first place, air used as a working 
medium requires large cylinder capacities per unit of power as 
compared with those required by other media, like steam or fuel 
gas. This is especially true if it should be attempted to use the 
Carnot cycle. Neither the Ericsson nor the Rider engine operates 
on this cycle, even in theory, but the disadvantage stated stiU 
exists. In the second place, it is not easy actually to construct 
large engines of this type with a satisfactory furnace in which the 
heat can be generated and transferred. For the same reason the 
thermal efficiency of even the small machines is in practice generally 
low. Nevertheless, they have certain advantages where small 
power is ail that is required, and there is no skilled attendance 
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available, since, in order to operate them, it is merely necessary 
to light a coal or gas fire in the furnace. 

398. The Ericsson Engine. Fig. 553 gives a clear idea of the 
construction of this engine. The cylinder i contains two pistons, — 



Lig. 553- — Ericsson Hot-air Engine. 


the disk piston 2, called the air or power piston, and the transfer 
piston 3. The power piston 2 is connected through rod 15 to the 
main beam 8. At one end the main beam operates through rod 
16 the single-acting plunger pump 17. This pump lifts the water 
on the up stroke and forces it through the jacket surrounding the 
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I4)per part of cylinder i and into the discharge main. This 
jacket constitutes the cooler for the working medium. On the other 
end the main beam through rod 10 operates the crank 26, to which 
in turn are connected the rod n and the bell crank 12. How this 
motion is transmitted from the beU 
crank to the transfer piston 3, by 
means of side rods, is best shown 
in the small elevation, Fig. 554. 

The transfer piston 3, Fig. 553, 
is made of light metal and is 
hollow, acting as a non-conductor. 

The space 4 is the healer, heat 
being in this case furnished by a 
set, 6, of Bunsen gas burners. The 
space 5 is called the furnace. 

The method of operation of this 
engine is best explained by refer¬ 
ence to Fig. 55^, which represents 
curves of the movements of the 
two pistons for one complete turn 
of the main crank. The link mo¬ 
tion is drawn for position i, with 
the main crank vertical. Motion is counter-clockwise. The other 
crank positions are taken at 2, 3, and 4, as shown. The cor¬ 
responding piston positions are located on vertical lines marked 
with the same numbers, t'onnecting the 5 points (since position 
I is repeated at the right) so located gives the cur\'e AB for the 
motion of the power pi.ston and the curve CD for that of the 
transfer or disi>lacc.Tient ])iston. Curve C'D\ parallel to CD at 
all points, follows the motion of the lower end of the transfer 
piston, showing the volumes contained between it and the bottom 
of the heater, which is indicated by line EF. 

In following out the pressure and volume changes in the body 
of working fluid in this engine, it is necessary to remember (a) that 
only the working piston can change the volume, and (6) that the 
temperature is controlled by the action of the transfer piston. 

The changes can now be outlined as follows: 
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igt Quadrant (i to 2). Power piston rises, causing expansion. 
Transfer piston rises, forcing air into heater. Heating effect ap¬ 
parently strong enough to overcome pressme drop due to expansion, 
and net result is fairly constant pressure. Line 1-2 in Fig. 556, 



Fig. sss. —Diagram of Operation of Ericsson ICncine. 


which represents an actual indicator diagram from an Ericsson 
engine. (Full size, scale of spring 10 pounds.) 

2d Quadrant (2 to 3). Power piston completes rise, causing 
e!q>ansion. Descent of transfer piston forces air into cooler, lower- 



Fic. 556. —Indicator Diagram from Ericsson Engine. 


ing temperature. The net result is a pressure drop, forming line 

2-^ on the card^ Fig. 556. 

" 3d Quadrant (3 to 4). Power piston starts to descend, causing 
compression. But at the same time the further descent of the 
transfer piston, forcing more air into the cooler, intensifies the cool- 
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action to such an extent as to practically maintain constant 
pressure. Line 3-4 on the card. 

4/A Quadrant (4 to i). Power piston completes descent, causing 
compression. Transfer piston rises, forcing air into the heater, 
raising the temperature. The net result is a rise in pressure, forming 
line 4-1 on the indicator card. 

The theoretical cycle upon which the engine operates (two 
constant pressure lines crossed by two isothermals) and to which 
Fig. 556 approximates is discussed in Art. 185, p. 348. 

399. The Rider Engine.—Fig. 557 shows the construction of this 
machine. The essentials are: a power piston D and a transfer 
piston C, rigidly connected by cranks to the shaft II. The two 
cylinders in which tliese pistons are working are connected across 
by the passage EH which forms the regenerator. The regenerator 
chamber is partly filled with some loosely packed material (sheet 
steel) which serves to abstract a part of tlic heat from the working 
fluid as it flows from the heater to the cooler, and restores this heat 
when the flow reverses. Below the power cylinder B is located a 
furnace F. In this case the fuel is coal, although of course any 
source of heat may be employed. The work done in the power 
cylinder is expended in the transfer cylinder and in the pimip which 
is operated from the transfer piston, as shown. The water pumped 
is first forced through a jacket E, serving as a cooler for the transfer 
cylinder. 

To follow the pressure and volume changes which occur in the 
working fluid during one complete turn, see-Fig. 558. Crank posi¬ 
tions I, 2, 3, and 4 represent those of the power piston. The trans¬ 
fer crank has somewhat smaller throw than the power crank and 
lags behind the latter a few degrees over qo . This gives i', 2', 3', 
and 4' as the corresponding positions of the transfer crank. Al¬ 
though in the drawing the transfer piston and cylinder should be 
located directly behind the power cylinder, it has been drawn 
to one side for the sake of clearness. Curve AB represents the 
motion of the lower end of the power piston and line CD the bottom 
of the power cylinder (heater). Similarly, EF shows the motion o£ 
the lower end of the transfer piston and line GE the bottom of the 
transfer cylinder (cooler). Vertical distances between AB and CD, 
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Fig. SS7.—Rider Hot-air Engine. 
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and between EF and GjBT, represent at any instant the volumes 
in the two cylinders. Curve IJ shows the sum of the volumes 
in the two cylinders. This is not the total volume of the working 
fluid as the regenerator volume HH, Fig. 557, is not accounted 
for; but curve IJ will serve to show volume changes, as the 



regenerator volume is constant. (The regenerator passage is at no 
time closed by either piston.) 

1st Quadrant (i to 2). Practically constant A'olume change. 
Descent of power piston and rise of transfer piston indicates ab¬ 
straction of heat by regenerator and cooling in the transfer cylinder. 
The net result is a constant volume pressure drop. (See line 1-2 in 
the theoretical line drawn in Fig. 558.) 

2d Quadrant (2 to 3). The volume curve IJ shows decided 




EXPERIMENTAL ENGINEERING 


93a 

compression. The power piston completes its descent, but the 
transfer piston also starts to fall, so that the temperature changes 
are less pronounced than in the first quadrant. The net result 
is a rise in pressure with volume decrease. (Line 2-3 in diagram 

in Fig. 558.) 

3d Quadrant (3 to 4). Practically constant volume change, 
accompanied by a rise in pressure as the working fluid is trans¬ 
ferred across the regenerator into the heater by the further descent 
of the transfer piston and the ensuing rise of the power piston. 
(Line 3-4 in the diagram in Fig. 558.) 

4/A Quadrant (4 to i). Marked expansion according to curve 
IJ. This expansion is accompanied by smaller movement of 
working fluid, on account of simultaneous rise of both pistons. 
Hence, the heating effect is less strong than in the third quadrant 
and the net result is expansion with pressure drop. (Line 4-1 in the 
diagram in Fig 558.) 

It will appear from this analysis that the theoretical cycle to 
which the series of changes approximates is one composed of two 
constant-volume lines crossed by two isothermals. This is the 
Stirling (regenerator cycle) which is discussed in Art. 185, p. 348. 

In actual testing practice, two indicator diagrams are taken 
from this engine. The single indicator used is connected to the 
regencrater chamber and is connected in turn with two reducing 
motions, the first of which gives the proper reduction for the power 
piston, the second for the transfer piston. Fig. 559 shows actual 
diagrams taken from a Rider engine (full size, scale of spring 10 
pounds). The methods by which they are traced can be easily 
followed by noting the periods of piston movements, that is, out- 
stroke and instroke, from curves AB and EF, Fig 558, and com¬ 
bining with this the knowledge concerning pressure changes gained 
from the analysis above. Thus for the curve AB ol the power 
piston, the first and second quadrants represent the “ down ” or “in” 
stroke. From the analysis above, the first quadrant is accom¬ 
panied by a pressure drop, the second quadrant by a pressure rise. 
Hence line 1-2-3, Fig. 559, is evidently the one traced during these 
two periods. The other lines may be identified in a similar manner. 

The larger area is that for the power piston, the smaller one that 
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for the transfer piston. The lines are traced in opposite direc¬ 
tions (see arrows), as can be discovered if the method of tracing 
the lines above indicated is fully carried out. The larger area 
shows work developed in the power cylinder; the smaller, work done 
upon the transfer piston. Hence the difference between the power 



represented by these two cards is the net power developed by the 
engine and is that available for pumping and for overcoming 
mechanical friction. 

400. The Testing of Hot-air Engines. — A complete test of a 
hot-air engine should include the following items: 

(a) The indicated horse power. The indicator can be operated 
directly from the pump rod in the Ericsson engine without the 
interposition of any reducing motion. In the Rider engine, motion 
is taken from the pistons, but on account of the length of stroke 
some type of reducing motion must be used. The maximum pres¬ 
sures are in either case low, a lo-pound spring being satisfactory in 
most cases. 

(&) The pump horse power. On account of the small size of 
the pump cylinders no pump diagrams need be taken, the useful 
output being computed directly from the water pumped and the 
head pumped against. The quantity of water may be determined 
by weighing, although a nozzle may be used to advantage. The 
head pumped against is of course the sum of suction and discharge 
heads with proper allowance for velocity heads (see Chapter XVIII, 
P- 774). 

{c) Measurement of the fuel used. Where gas is used, the 
best means is of course the gas meter. In case coal is fired, the 
test should be extended over a considerable period of time. In 
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the case of gas, a trial lasting one hour for each set of conditions, 
after the latter have become constant, is satisfactory; but in the 
case of solid fuel a duration of test of 6 or 8 hours is none too long, 
on account of the errors involved in judging the beginning and end 
conditions of the fuel bed on the grate. 

(d) Analysis of the fuel with determination of heating value. 
This is necessary for the computation of efficiency and the estab¬ 
lishment of heat balance. (See Chapters XIII and XXL) 

(c) Analysis of the waste gases from the furnace, together with 
a determination of their quantity. Required where it is desired 
to establish a fully itemized heat balance. (See Chapters XIII 
and XXI.) 

(/) Other observations arc: Suction head; discharge head; revo¬ 
lutions of fly-wheel shaft; range of temperature of jacket (cooler 
water); pressure in gas mains, if gas is used; temperature of room; 
barometer reading; dimensions of engine. 

The usual method of testing is to divide the total head against 
which the engine can pump into a number of equal parts, 5 or 6, 
and at each one of the heads to make a trial run, maintaining the 
head constant and adjusting the fuel supply to maintain the speed. 
The following blanks show two convenient forms, the first of which 
is for recording data, the second for recording results. 

401. Computations and Report. — These are comparatively sim¬ 
ple and need little comment. 

The mechanical efficiency in the case of the Rider engine is the 
ratio between the pump horse power and the net indicated horse 
power. 

Thermal efficiency may be computed on the basis of indicated 
work or of pump work. In the latter case it is the ratio of the 
heat equivalent of the pump work done in a given time, divided by 
the total heat above room temperature in the fuel supplied in the 
same time. On the other basis, the numerator of the ratio is the 
heat equivalent of the indicated work. The former efficiency, 
that is, that based on the pump work, is of course the real com¬ 
mercial efficiency. 

For the definition of duty see Art. 363, p. 775. 

Since in these engines the weight of the working fluid remains 
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constant for the cycle, the temperatures around the cycle may be 
computed from Pv — RT = 53.2 T, provided the temperature 
at one point is known. 

The heat balance should show the following items: 

Per cent. 

(1) Total heat suppHedin fuel above room temperature. 100 

(2) The beat equivalent of the pump work. 

(3) The heat equivalent of the work lost in mechanical 

friction. 

(4) The heat carried away by the jacket water. 

(5) The heat lost in waste gases. 

(6) The heat lost in radiation, and otherwise unaccounted 

for. 


For the determination of Item (r) see Chapter XIII. Item (5) 
in the above heat balance is computed exactly like the similar 
loss in the case of boilers or gas engines. See Chapters XIII and 
XXI. 

The report should include a graphical representation of the results 
by means of the following curves: 


Abscissas 

(a) Total head pumped against 
{b) 

(c) 

(d) " “ 


Ordinates. 

Capacity in gallons or po\mds per hour. 
Percentage of slip. 

Thermal efficiency. 

Duty per 1,000,000 B.t.u. 
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DEPARTMENT OF EXPERIMENTAL ENGINEERING, SIBLEY 
COLLEGE, CORNELL UNIVERSITY, 


Test of . Hoi-air Pumping Engine. 

Date . Observers .... 


AVERAGE DATA AND CENEKAt RESULTS. 


Diameter of Working Piston 
Area 

Stroke ‘‘ 

Diameter of Transfer Piston 
Area 

Stroke “ 


Diameter of Pump Plunger 
Diameter of Pump Plunger*Rod 
Stroke of Pump 
Scale of Indicator Springs 
Thermal units per cu. ft. of fuel at standard 
temperature and pressure (32° F. and 
14.7 Abs.)» 


IT I III. IV. 


Suction head, feet... . 

Head pumi>ed against, feet . . . 

Total head, feet. 

Water delivered, lbs. per hr,, actual. 
Ft.-lbs. work per hour 
Revolutions per min. .. 

Plunger displacement per hr., Ib.s. 

Slif), per cent. 

indicated ILP., working cylinder. 

“ transfer “ 


Developed H.P. . ... 

Mechanical efficiency .... ... 

Range of temp, of water-jacket .... Deg. 

Cu. ft. of fuel per hr., standard press, and 
temp. 

Heat supplied per hour ( = 100%).. B.t.u. 

Thermal equiv, inch work.B.t.u 

** “ .percent. 

Heat absorbed by jacket-water.... B.t.u. 

Radiation and loss. B.t.u. 

“ percent. 

Heat supplied per D.H.P. per min. 

Thermal efhciency. 

Duty, actual (ft.-lbs. per million B.t.u.)... 


















CHAPTER XXIII. 


AIR-COMPRESSING MACHINERY. 

402. Types of Air-Compressing Machinery. - - Air-compression 
or air-moving machinery may be divided into the following distinct 
classes: (a) piston air compressors, (h) rotary or positive blowers, 
(c) centrifugal or volume blowers or fan.s, (d) turbine compressors, 
(e) injector blowers, and (/) hydraulic comj)ressors. The following 
paragraphs will give the main features of each one of these types. 
It will be found that, in general, each class is best adapted to some 
particular class of service. Thus, for high-pressure work the 
piston compres.sor is about the only one used; for low pressure work, 
generally simply the work of moving large volumes of air, the 
centrifugal fan is mostly employed. As far as motive power is 
concerned, any of the mechanisms, with the e.\ccj)tion of classes 
(e) and (/), may be belt-driven or operated by any of the prime 
movers, as steam engines, steam turbines, electric motors, gas 
engines, etc. In other chapters of this book will be found full 
information concerning the methods of determining the power input 
in case any of the sources of power mentioned are used, so that 
this chapter will confine itself principally to the investigation of 
the operation of the compressing element of the machines. 

403. Piston Compressors. — The construction of the compressor 
cylinders is very similar to tliat of a steam-engine cylinder. The 
cylinder may be single- or double-acting. Each working end is 
fitted with inlet (suction) valves and outlet (discharge) valves. 
There is a great number of different designs of cylinders, valves, 
and valve gears, and the student is referred to special works on 
the subject.* The valves may be located in the sides of the cyl¬ 
inder, or in the heads; in some cases the suction valves are located 
in the piston itself. The valves may be slide, piston, or poppet 

* Sec A. Vonihering, Die Gebllisej Hiscox, Compressed Air and Its Applications; 
Peel, Compressed-air Plant, 

93S 
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valves. In every case the aim in view is to cut down clearance 
as much as possible, in order to eliminate as far as possible re¬ 
expansion of the compressed air caught in the clearance spaces. 
(See Art. 413.) 

There are several way.s of classifying piston compressors. On 
the basis of the cooling system employed, we distinguish (a) dry 
compression, (b) compression with water injection, and (c) “ wet” 
compression. Under (a) no cooling whatever may be employed. 
This method of operation is sometimes used where the final pressures 
attained are not high and where the resulting temperatures of 
compression are an advantage rather than a loss. This is the case 
in blowing engines for blast-furnace work. In general, however, 
compression under (a) is done with water cooling in cylinder jackets 
and in the intercooler, if one is used. The advantage of this 
method lies in the fact that the compressed air is nearly dry, which 
is an essentia] for some uses. The disadvantage is that, on account 
of the inefhciency of tlie cooling action, especially in the cylinder 
jackets, the work of compression is not as efficiently done as in 
other cases, assuming, of course, that the standard of efficiency 
is isothermal compression In the ojieration under method {b), 
a certain quantity of water in a fine spray 
is injected into the air for the puiqwse of 
cooling. The result is a more effective cool¬ 
ing than is possible under (a), but the mois¬ 
ture in the air is seriously increased, and some 
objection is also made on the score of in¬ 
creased wear of the sliding jiarts of the cyl¬ 
inder. In “ wet ” compression, method (c), 
the working piston does not act upon the air 
direct, but moves a water column by wffiich 
the air is compressed. To explain the prin¬ 
ciple, in Fig. 5(10,* F is the working piston, 

A the suction valve, and C the discharge 
valve. As the piston moves to the right, 
the water column follows it, and air is drawn into the cylinder, 
together with the water seal that covers A, and is maintained by 
* Von Ihering, Die GeblUse, p. ibS. 



Fig 560 —“Wet” Air 
Compressor. 
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the arrangement B, C, D. On the back stroke, A closes, the water 
column compresses the air into the vertical chamber at the end 
of the cylinder until G opens, after which the piston forces all 
of the air, together with a small quantity of water, into the dis¬ 
charge space. K is the high-pressure pipe, while jff is a float 
arrangement to allow the water pumped over to drain out. The 
advantages of this system— that is, lower temperature of compressed 
air, higher volumetric efficiency --are fully balanced by slower speed, 
greater water and power consumption, etc. 

Ihe efficiency of cooling has great influence upon the power 
input for a given amount of compressor work to be done. This 
fact has led to the subdivision of the total compressor work among 
several cylinders where the air is to be highly compressed. De¬ 
pending upon the number of cylinders used for the work, we then 
distinguish single-stage, two-stage, or multistage compressors. A 
common pressure to which air is compressed for a variety of uses is 
about 125 pounds. In this case, two- or perhaps three-stage com¬ 
pression should be employed. The former would be more common, 
the air being compressed up to about 40 jwunds in the first stage 
and to 125 pounds in the last. Unless the pressures are very high, 
as in liquid-air work, it is not common to exceed two stages be¬ 
cause the gains due to efficient cooling are, beyond the second or 
third stage, soon overbalanced by mechanical losses. The several 
cylinders may be arranged one behind the other, in which case we 
have what is known as a tandem arrangement, or they may be 
placed side by side with the intercooler between them, in which 
case we have the duplex arrangement. A two-stage compressor of 
the former design, steam-driven, is shown in Fig. 561, where D is 
the steam cylinder, A the low-pressure compression cylinder, B the 
intercooler, and C the high-pressure compressor cylinder. When 
the engine end is also comjxiunded, a favorite arrangement is to 
cross-compound the engine and to place an air cylinder behind each 
steam cylinder in tandem. This makes a very good design as far 
as stress conditions in frames and crank shafts are concerned.* 

* The question of the best arrangement of cylinders In motor-, belt-, or steam- 
'driven air compresisors is discussed by E, W* Koester in Zeitsekrift des Vereins 
deutscher IngemeuUf Jan. 23, 1904. 
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A special form of the piston compressor is the air pump used in 
condenser work. The conditions of operation are somewhat dif¬ 
ferent, in so far as in the ordinary compressor the suction pressure 
is constant, while the discharge pressure may vary; in the air pump 
the suction (condenser) pressure varies while the pump delivers 
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against a constant pressure,— that of the atmosphere. Otherwise, 
the conditions of operation are similar. 

404. Rotaiy or Positive IKowers. — These generally consist of 
two blades, pistons, or displacers, A and B, which revolve in oppo¬ 
site directions, as indicated in Fig. 562. They are actuated by gear¬ 
ing or other devices outside of the case C. Each displacer on the 
one side maintains continuous contact with the inner surface of the 
case and on the other side with the mating displacer. As a con¬ 
sequence, a certain volume of air is picked up on the suction side 



Fig. 562. — Rotary or Pomtivl Blower. 


(the volume represented by the space E in Fig. 562) and transferred 
to the discharge side E. The i>res.surc that can be maintained 
at F depends, of course, upon the amount of compressed air used and 
upon the speed of rotation of the disjdacers. If the blower delivers 
into a closed system, the pressure will build up until the leakage 
back past the contact surfaces of the displacers prevents further 
increase. Hence a clo.se fit at the contact surfaces is essential 
for the attainment of highest pressure. The gain thus made, may, 
however, be counteracted by an increased friction loss, decreasing 
the total eflhciency of operation. These machines are, therefore, 
not adapted to high-pressure work, and 10 pounds per square inch is 
about the outside limit. For lower pressures than this, but higher 
than those that can be efficiently handled by the centrifugal blower, 
they are quite satisfactory on account of their large volume capacity, 
in spite of the fact that the volumetric efficiency may not be over 
75 per cent and is frequently lower than that. 
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405. Centrifugal or Volume Blowers. — Two fundamental types 
of these blowers are recognized: (a) the disk or propeller fan, in 
which the air moves through the fan practically parallel to the 
shaft and perpendicular to the plane of rotation of the wheel; 
and (b) the machine generally known simply as the blower or fan, 
in which the air enters the fan wheel at right angles near the 
center, is deflected through a right angle as it goes through the 
wheel and leaves the periphery of the wheel at high speed owing 
to the centrifugal force imparted. 

Disk fans are constructed either with straight or curved blades, 
as shown in Fig. 563. The action of these fans is the reverse of 



that of a windmill. In the latter, the wind moving with a certain 
velocity imparts to the wheel a certain rotative speed which is 
utilized to do certain work. In the disk fan, a certain amount of 
work is put in at the shaft, the wheel attains a certain rotative 
speed, which produces a certain velocity of translation in the air 
in which it moves. These machines, therefore, produce a pressure 
difference which must be proportional to the velocity of the moving 
air. They are, however, not adapted to give large pressure dif¬ 
ference, and are consequently mostly used for ventilating purposes, 
where the pressure or depre.ssion produced need not exceed .2 to .5 
inches of water. As compared with the ordinary centrifugal blower, 
their power consumption for a given quantity of air moved under 
given conditions is less. 

There are a number of different types of fans or blowers. They 
may be divided into two classes,—those with and those without 
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diffusers. Under each class there are then two subclasses, based 
upon the blade form, whether straight or curved. A fan is said 
to be without a diffuser if the fan casing is concentric with the wheel 
all around, except, of course, at the point of outlet. When, on the 
other hand, the casing forms a gradually increasing scroll, so that 
the space between periphery of wheel and of casing gradually 
increases toward the outlet, the fan is said to have a diffuser. The 
purpose of this construction is to gradually decrease the velocity 
of the air leaving the fan wheel itself and to convert some of the 
velocity head into pressure head. Hence the use of this construc¬ 
tion in all pressure blowers. The advantage of the curved blade 



Fig. 564. — Fan with Diffdser, Fig. 365- — Fan without IIi-ffusf.e, 

Straight Blades. Curved Blades. 

lies mainly in the avoidance of shock as the air enters the wheel. 
This not only increases the efficiency but makes the operation 
smoother and less noisy. Figs. 564 to 566 show several exam¬ 
ples of the constructions mentioned above. 

Any fan may serve to create a pressure at the outlet, or to produce 
a depression (pressure below atmosphere) at the inlet. In the 
former case it is called a blowing fan or blower, in the latter case 
an exhaust fan or exhauster. 

With reference to the pressures or depressions produced, cen¬ 
trifugal fans are sometimes classified as low-pressure or volume 
fans and as high-pressure fans. The distinction is, however, not 
clearly drawn, since the pressure may, in most cases, be consider¬ 
ably changed by changing the speed of rotation. In actual service 
the pressures or depressions used range about as follows: .5 inches 
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or less for the ventilation of schools, theaters, factories, etc.; 3-6 
inches for mine fans; 4 8 inches for forge fans; and 8-15 inches for 
fans used for melting-furnaces, like cupolas, etc. 



Fig. $66. — F4n with Dikpusei!, Curved Blades. 


406. Turbine Compressors. — This type of compressor has been 
developed in the last few years. The principle of its operation is 
practically the same as that of the multistage turbine pump (see 
Chap, XXV). There is, however, this important difference: In 
the water pump there is no change in the density of the medium, 
and each wheel causes the same absolute pressure increase in the 
water. In the case of the turbine compre.ssor, on the other hand, 
the density of the mcd'um changes from stage to stage, and, as¬ 
suming that the temperature does not increase, each wheel only 
causes the same relative pressure increa.se.' I'hus, if each wheel 
causes a relative pressure increase of 10 per cent, it will take 10 
stages to reach an absolute pressure of 2.6 atmospheres, and lo 
more stages to reach a final pressure of 7 atmospheres absolute. 
In practice, on account of temperature increase and other losses, 
from 25 to 30 wheels or stages are required to attain the latter 
pressure. Where the final pressures are quite high, the wheels are 
usually made in groups of different diameters, the largest wheels 
forming the first three or four stages. The peripheral speed of 
such wheels may be up to 460 feet per second, while the wheels in 
the final stages have a rim speed of about 330 feet p>er second. 
The rotative speeds for high-pressure work may be from 3000 to 
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4000 r.p.ixi. For low degrees of compression, all the wheels are made 
of the same diameter; thus the Rateau turbine blower shown in 
Fig. 567 consists of four stages and compresses the air to about 
10 pounds per square inch above the atmosphere when making 
1875 r.p.m. A favorite method of driving such a compressor is by 
direct connection to a steam turbine, as illustrated in Fig. 567. 



Fig. 567. — Rateau Titrbine Compressoe. 


The turbine blower has an advantage over the piston compressor 
in so far as it is possible to cool more thoroughly, since there arc 
usually many stages and the temperature increase in each stage 
is small. On the other hand, the turbine compres.sor, analogous 
to the steam turbine, shows greater friction losses than the piston 
compressor. These may be so great in a compressor not cooled 
as to cause final temperatures in the comprcs.sed air even above 
those due to adiabatic compression. Further, a comparison of 
turbine and piston compressors should also take into account the 
characteristics of tlie machines used to drive them, which in the 
former case is usually a steam turbine, in the latter case a recipro¬ 
cating engine. As a final result it may be said that, at the present 
state of the development of the turbine compressor, the piston 
compressor with good compound engines, running condensing, has 
sHghtly the better of the argument on the score of efficiency.* 

407. Injector Blowers. — The principle of action of these devices 
is exactly the same as that of the injector u.sed for boiler feeding. 

* There is an interesting report upon the relative efficiency of these two com¬ 
pressor types in the Zeitschrift d. V, d. /. for Oct. 30, 1909. 
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The working medium — steam, compressed air, or water —must be 
under considerable pressure. This pressure is converted into veloc¬ 
ity by passing the medium through a nozzle. The high-velocity 
jet carries along with it the air immediately surrounding it, and, 
if the space is confined, will create a vacuum in the latter. If 
this space is then connected by a suction pipe to some other space, 
the air will be removed from the latter, and the apparatus acts as 
an exhauster. If. on the other hand, ihe .space around the nozzle 
or nozzles is unconfined, but the outlet tube of the device is con¬ 
nected to some restricted space, the air pressure in the latter will 
be increased and the apparatus acts as a blower. 

Among the advantages possessed by the.se devices may be 
named tlie following: Elimination of prime mover, small cost of 
rejiair, small space required for installation, easy regulation of 



Imc. st>8.—iNjaioR Blower 


quantity of air handled, etc Injector blowers are made in capaci¬ 
ties ranging from 0.2 to 600 cu. ft. of air per minute, and, according 
to Ihering, require a steam pressure of from 75-90 lbs., or a water 
pressure of from 45-75 lbs., or an air pressure of from 45-60 lbs. 
per square inch. 

The construction of an injector blower, used for the produc¬ 
tion of forced draft under boilers, is shown in Fig. 568. Fig. 364, 
p. 516, shows one construction used for exhausters. 

408. Hydraulic Compressors.* —The metliod of operation of these 
compressors is best illustrated by means of Fig. 569. The installa¬ 
tion consists first of a receiving bay or chamber in winch is placed 
the suction head. The latter may be constructed in several ways. 

* See Pcele, Compressed Air Plant,” Chap. XV, for a discussion of the construc¬ 
tion and eQjciency of operation of several installations of this type of compressdr in 
this country. 
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In this case, it consists of a ring pipe a, to the inner circumference 
of which are fastened a large number of horizontal tubes c. As the 
water enters the vertical pipe leading into the shaft, suction is 
created at the opening of the tubes c and the air will be drawn into 
a and c through h. This air becomes mixed with the falling water 



FiCi, 569. — Hydraulic Air Compressor. 


in small bubbles and is compressed in the descent, according to 
the height of the fall. The separation tank is placed at the bottom 
of the shaft. In it the direction of the falling water is, by means 
of baffle plates, changed to the horizontal, and the air separates from 
the now comparatively quiet mass of water. The latter finds its 
way out through the open bottom of the separator tank and rises in 
the shaft to the level of the tail race. The compressed air gatlicrs 
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in the upper part of the tank and is taken off as desired by means 
of the air-pipe. 

One great advantage of this t5T)e of compressor is found in the 
elimination of the prime mover. The compression pressure at¬ 
tained depends directly upon the distance from the disengagement 
surface in the separator tank to the level of the tail race, and is, 
therefore, independent of the head of water from the receiving 
bay. The air is compressed isothermally, since each air bubble 
is surrounded by the water; and, in spite of the fact that at some 
parts of the compressing operation the air is probably saturated 
with moisture, it is found that compressed air delivered by these 
compressors is comparatively dry, which is probably due to the fact 
that at the low disengagement temperature the absolute moisture 
content cannot be high. 

These installations have proved very efficient, over 90 per cent 
having been shown in case of high heads. 

409. Physical Characteristics of Air. — It has already been 
l)ointed out (Chap. XI, under Laws of Gases) that air may be 
considered as a permanent gas following the law 

" = constant = R. (i) 


In this equation, substitute for standard conditions, P = 144 X 
14.7 = 2116.8 lbs. per square foot, T = 460 + 32 == 492® F., and 

specific volume v — —. where .0807 is the weight of a cubic 

.0807 

foot of dry air under standard conditions. Then 


Pv 

f 


2h6.8 
4Q2 X .0807 


- ie = 53.35-* 


(2) 


* The value of R changes slowly both with pressure and temperature. Another 


expression for R is • /? ^ Cp — CV 



The values of 


7 and C\ change with temperature Sec Chaf). XXI under Sjiccific Heats. The change 
with pressure is less important, although appreciable at very high pressures. Ihering 
gives the following figures, computed from an equation given by Antoine in Comptes 
Kendues, iSqo: 

p ^ i atm. 40 atm. 60 atm. 80 atm. 100 atm. 200 atm. 

R* 5 S -30 53 - 3 ° 54-^5 SS- 3 o 56.40 62.30 


These notes refer, of course, oniy to the case of dry air. 
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From this 


D = 


P 


cu. ft. per lb., 


(3) 


and weight per cubic foot of dry air 

Eq. (4) enables us to compute the weight per cubic foot of dry 
air for any condition of P and T. 

Example. — Pressure = 80 lbs. per square inch by gauge, barometer «» 
28.5 inches Hg, temperature = 120° F. 

P “ (so + —i- j -A 144 = 13,577 lbs. per square fool; 2’= 460+ 120 '=580'’. 
V 2.0378/ 

Weight per cubic foot = —= .438 lbs. 

53-35X580 


Under nearly all conditions of practical operation, however, air 
is not dry but has a.s.sociated with it a certain amount of moisture 
(water vapor, humidity). This fact not only changes the weight 
per cubic foot of the mixture for given P and T conditions from 
the value computed for dry air, by Eq. (4), but it also affects the 
relations involved in the compression and expansion of air. 

For any given values of P and T, a given space can contain, as 
a maximum, a certain weight of water vapor. When the maximum 
weight is present, the vapor is said to be saturated. In actual 
practice, however, it is found that this too per cent degree of 
saturation is rarely ever attained, but that tlie weight of water 
vapor is less than the maximum. The vajTor is then said to be 
only partly saturated (it is, as a matter of fact, superheated), and the 
degree of saturation is expres.sed by the ratio of the weight of water 
vapor actually contained in a given space to the maximum weight 
that the space can contain under the P and T conditions existing.* 

* It is common uiiiige to say that the air in any given space has a certain capacity 
for water vapor. As a matter of fact, the presence of air in any given space has nothing 
to do with the amount of water vajior the space contains; that is, the weight of moisture 
in the space is controlled only by the pressure and temperature conditions existing 
in the space. Jt is more correct to say, therefore, that the space is either completely 
or partly saturated. In the first case, it contains as much water vapor as can exist 
in the saturated state for the existing temperature. In the latter case, the weight of 
water vapor present is less than this, and it is consecjuently superheated, since it is at 
a higher temperature than that of saturation for the pressure existing. 
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Humidity may be expressed in two ways, — absolute and relative 
humidity. Ab.solute humidity is the weight of water vapor that 
any given space (one cubic foot usually) actually contains. If the 
vapor is saturated, the absolute humidity may be found from the 
Steam Table. Thus in Table 3, I, Appendix, if the temperature of 
the air is 75° F., the density of the water vapor is seen to be .cx3i346 
lbs. per cubic fool; that is, the absolute humidity for 100 percent 
saturation is .001346. Relative humidity is the ratio between the 
actual weight of water vapor that a given .space contains under 
given conditions and the maximum weight that the same space may 
contain under the same conditions. Thus, if the weight actually 
present at a temperature of 75° is only .000587 lbs. per cubic foot 
(absolute humidity = .000587), the relative humidity 

= ^ = 436 = 43-6 per cent. 

.001346 


410. Determination of Humidity. — Absolute humidity may be 
found by drawing a definite volume of air through lubes containing 
chloridt* of calcium or sulphuric acid. The increase in weight of 
the absorbent determines the actual weight of water vapor in the 
quantity of air used. 'J'he method, while accurate, is not of easy 
application in everynlay practice and little used. 

It is easier to determine relative humidity, for which there are 
several methods. The general method is based upon the assump¬ 
tion that the vapor jircssures of water at any one temperature are 
directly proportional to the absolute weights of water vapor present 
in a given simee. This as.sumpUon is very nearly true. If we let 
w, — the maximum possible weight of water that the space can 
contain (that is, at 100 per cent saturation), at a given temperature, 
w ~ the weight actually contained, />, = the vapor pressure for 
100 per cent saturation, and p the actual vapor pressure, then 


_ !L 

P, ~ 

and the relative humidity = xoo'^ per cent. 

P> 


(5) 


p, may be obtained from steam tables as soon as temperature is 
known, but p must be found by experiment. One method of doing 
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this is to find the dew point by cooling the air down to saturation. 
A very simple instrument for this purpose is illustrated by Gram- 
berg,* Fig. 570. A small vessel A, containing ether, has fastened 



Fig. 570. —Dew Point Apparatus. 


to it a nickel mirror S. By means of an aspir¬ 
ator bulb connected at C, air is drawn through 
the apparatus, entering at D. The vaporization 
of the ether causes cooling, w^hich chilis the mirror 
and the air surrounding it. At the instant that 
the air in contact with the mirror reaches 100 
per cent sattiration, fog will appear on the mirror, 
and the temperature t of the ether is noted. For 
this temperature t the maximum vapor pressure 
may be obtained from steam tables, which de¬ 
termines the factor p in the above equation. 
Thus, suppose that the dew point is found to 
be 55°, with the air temperature at 75®. From 
the steam table, p, = .4288 lbs. per square inch, 
and p(— p, for 55°) = .2170 lbs. per square inch. 

Then relative humidity = = .50 = 50 per 

.4288 

cent. 



Ff&. 571.— PSYCHROM- 
ET1.R (Wet and 
Dry Bulb Ther¬ 
mometer). 


A second method of determining relative humidity, that by wet 
and dry bulb thermometer, is radically different. The apparatus 
is called a psychrometer and is more used than the dew-point ap¬ 
paratus. It consists essentially of two thermometers fastened to 
a frame (sec Fig. 571), which represents the swing type used by 


^ Gramberg, Heizuxig & Liiftung von GebEuden. 
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the U. S. Weather Bureau. 1 he bulb of one of the thermometers 
is surrounded by a piece of thin muslin, which, during the use of 
the instrument, is kept thoroughly wetted with water. The bulb 
of the other thermometer is left free. If the water vapor in the 
air is saturated, the two thermometers will continue to indicate 
the same temperature, which is that of the surrounding air. But 
if the relative humidity is less than loo per cent, vaporization of 
water takes place from around the wet-bulb. This action is neces¬ 
sarily combined with the rendering latent of a certain amount 
of heat, which causes the wet-bulb temperature to sink. The 
lower this temperature, the greater the absorption of heat from 
the surrounding bodies, and at some point there must be established 
an equilibrium between the heat which the wet bulb is losing and 
that which it is gaining by conduction. This equilibrium tempera¬ 
ture is called the wet-bulb temperature for the conditions existing, 
and must not be confused with the dm point for the same conditions. 
From the difference between the dry-bulb temperature t and the 
wet-bulb temperature t', it is possible to compute directly the rela¬ 
tive humidity for the conditions existing from the equation 

c = - .000367 B(t- 0 ^ ^)] 

given in the Psychrometric Tables published by the U. S. Depart¬ 
ment of Agriculture, 1900. Here 
e - relative humidity; 

pt = saturation pressure at temperature t, inches Hg; 
pf = the saturation pressure at the temperature inches Hg 
(taken from a steam table); 

B = barometer pressure, inches Hg; 
t - air temperature = temperature of dry bulb; 

/' = wet-bulb temperature. 

Example. - -Let / = 75° t' = 55°, B = 30" Hg. From the Steam Table, 
Appendix, for 55®, pt = .873, pe = .4357; then 

f - - .000367 X 30 X 20^1 -h 873 = •»44 = 244 per cent. 

At a temperature of 75° F., the weight per cubic foot of saturated aqueous 
vapor is .00134 lbs., hence the absolute humidity under the conditions stated is 
.00134 X .244 = .00033 lbs. 
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In practice, instead of making the above computation, humidity 
tables are used. There are a number of these, computed by dif¬ 
ferent authorities, none of which exactly agree, although the 
difference is negligible lor engineering work. Table 5, in the Ap¬ 
pendix, is taken from the above-mentioned Psychrometric Tables 
of the Department of Agriculture. It is extensive enough for ordi¬ 
nary work. The relative humidity percentages even in this table 
do not exactly agree with results obtained by the formula above. 
Thus for 75 degrees and a depression of 20 degrees, the table gives 
24 per cent, while the formula gives 24.4 per cent. Some of this 
difference may be due to barometric corrections which were not 
applied in the computation above. In connection with the formula 
and the table, it should be stated that the results are strictly appli¬ 
cable only to readings obtained with tire same form of psychromeler, 
that is, the swing type. To use this instrument, thoroughly wet the 
muslin around the wet bulb. Then by means of the handle at the 
top, which can be extended at right angles, whirl tlie frame with 
the thermometers rapidly for 15 or 20 .seconds. Stop and quickly 
read the wet bulb. Repeat until at least two consecutive readings 
agree very nearly. 

Fig. 572 gives a graphical representation of a humidity table, 
constructed for 30-inch barometer, by means of which quick deter¬ 
minations, intermediate between those of the table in the Appendix, 
may be made. As an example of its use, if the air temperature = 
80“ (point A) and the wet-bulb temperature = 60° (point B), the 
relative humidity will be 29 per cent, while the absolute humidity, 

the weight of water vapor per cubic foot, is — .00045 pounds 

lOjOOO 

(point D). On the con.si deration that this weight represents the 
maximum, that is, 100 per cent saturation (point C’), we may also 
locate the dew point F, at slightly over 42 degrees. 

411. The Theoretical Work of Compressing Air.* — The formulse 
developed in this article apply only to the theoretical work of 
compressing air and enable the student to compute theoretical 
horse power necessary. No account is here taken of the effect of 
clearance, nor is the effect of the heating of the intake air upon the 

* The text of this article is largely adapted from Ibering, “ Die Geblase.” 
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volumetric efliciency considered. In other words, it is assumed 
that there is no clearance and that the volumetric efficiency is 
100 per cent. The changes produced in the results obtained when 
both of these factors are considered are outlined in Art. 413. It is 
hardly necessary to add that friction losses in the machine are also 
neglected. 

The work of compression consists of three parts: ITi, the work 
of charging the cylinder; Ws, the work of raising the pressure of 
the air from some pressure pi and volume Vi to some pressure pi 
and volume and JF3, the work of forcing the compressed air out 
of the cylinder. Wi is done on the side of the piston opposite to 
that on which Wi and W3 are performed in the same cycle, hence 
the total work of compression 

W ^Wi + Wi- Wi. 

Let Pi = absolute pressure during suction stroke, jwunds per 
square foot. 

Pi = absolute pressure during discharge stroke, pounds per 
square foot. 

Fi = volume of one pound of air at pressure Pi, end of 
suction stroke, in cubic feet. 

Vi ~ volume of one ixiund of air at pressure Pi, end of com¬ 
pression, in cubic feet. 

Ti = absolute temperature at end of suction .stroke. 

Ti = absolute temperature at end of compression. 

5 = stroke of piston, in feet. 

Si = stroke during which air is discharged, in feet. 

F = area of piston, in square feet. 

Fi 

r = ~ ratio of compression. 

Vi 

A. Compression of Dry Air. — («) Isothermal compression. 
Work per pound of air. 

Wi = FPiS = PiVi ft.-lbs. 

Wi = FPiSi = PiVi ft.-lbs. 


But PiFi PiVi, hence Wi == IFj. 


(7) 

( 8 ) 
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From Art. 177, p. 330, 

r, = If = P. log.^ = A V, log, I? (9) 

V2 I 

= RTi log. § = RTi log. r ft.-lbs. (9a) 

i 1 

The term “ free air ” refers to the volume of air under suction 
conditions of pressure and temperature. 

To compute the work Wi per cubic foot of free air, diude Eq. (9) 
by the specific volume of air for Pi and h, that is, by Fi. Then 

If, = P,log.|^- (10) 


To find the work Wji done per cubic foot of compressed air, we have 

Ifn = PxF,log.^=P,F,Iog.§. 

^ 1 i I 

Since Fj = volume of compressed air, it follows that 


Wu = A log. 

1 


(ii) 


(6) Adiabatic compression. Work per pound of air. 
In this case: 


IFi = P.Fi ft.-lbs. 

Wz = P,Fj = PiFi^ = AFi(^) ' ft.-lbs. 


From Art. 177, p. 331, the work of compression is 
PiFii 


Wi 


y - 1 



7-r 

P.Fi 

'>-1 

I 

r 1 

PJ J 

}l 

1 

1 

lU/ ~ 'J 


The total work, then, is 

r 



i\+PxVx 


7-1 




I = ft.-lbs. 


(12) 

(13) 


(14) 


(15) 
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Work Wt done per cubic foot oj free air, 

Work Wit done per cubic foot of compressed air at temperature T%, 


Wi, 


Mi y 

V2 y — I 


ip) ’ - ■. 


= Pi- 


7 /^y 

7 -l[vA/ 





(17) 


The compressed air may not remain at the temperature Tj, b,Ut 
may be ctwlcd back to some temperature Tf. The voluma will 
then change from Vz to some value Vf, so that 


, —. fromwliich 

r 2 i 2 * 2 


(18) 


Work Will per cubic foot of compressed air cooled back to some 
temperature Tf, then, is 

-r-l I r 1 

I* 

Tf 



7~1 

1 1 

—1 

li 

—i 

AFi 7 


1 

1 

cC 

II 


IV 7-1 

r 

[SPj \ 

n 

1 Vi y-i\ 

J 


= Pi 


y - I 


iEi\ _ (M 
\Pj \Pi) 


h 

7 V 


7ft.-lbs. 


(19) 


For the particular case that the compressed air is cooled back 
to Tu substitute Tz ~ T\ in the second form of Eq. (19) above. 

The work W iv done per cubic joot of compressed air cooled back 
to TI will then be found to be 

r 1-1 


Wir^Pz 


m 


ft.-lbs. 


Comparing this with Eq. (r6), it will be seen that 

lF/r = TF,§ ft.-lbs. 

If IV Pi P 1 

The temperature rise during compression may be found from 


(20) 

(21) 
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PiVi P V 

which is derived from a combination of the equations 
andPiFx"= 

The examples at the end of Art. 412 will show that more 
work is required, for the same amount of free air compressed, 
when the compression line follows the adiabatic than when it 
follows the isothermal. This becomes apparent also when we 
consider the compressor-indicator diagram. In Fig. 573, BC is the 
isothermal and BC the adiabatic compression line. The work of 
compression is in the first instance represented by the area A BCD, 
in the second by the area A BCD. Since in most applications 



Pic- 573- 

of the use of compressed air the latter cools down practically to 
the temperature at B before use, it follows that the area BCC 
is lost work. The aim in actual practice should, therefore, be to 
compress as nearly along an isothermal as possible; hence the use 
of cooling during compression. The exponent «, in the equation 
= const., is equal to i.o for the line BC, and to 1.408 for 
the line BC. In any given case the value of n for the actual 
compression line BC" will be between these values. The more 
perfect the cooling, the nearer will the ideal value « = i.o be 
approached. 

B. Compession of Moist Air. — The presence of moisture in 
air modifies the work formula above developed. The differences 
introduced are, however, so small in the average case that they 
may be neglected even for high-pressure work. The example at 
the end of Art. 412 shows this clearly. For the purpose, however. 
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of giving the method of computation involved in the case, the 
following fonnulas were adapted. 

Let P = absolute pressure per square foot of any given volume 
of moist air, P* the absolute partial pressure per square foot due 
to the dry air contained in the volume, and P„ the absolute partial 
pressure due to the water vapor. Then 

P « P. + P*. (23) 

P, must in every case be determined by one of the methods given 
in Art. 410, after which Pa becomes known. 

The weight of a cubic foot of saturated moist air may now be 
computed as follows: 

Let 9 = weight of a cubic foot of dry air, in pounds at a tem- 
f)erature T\ 

5 i = weight of a cubic foot of moist air, in pounds at a tem¬ 
perature T ; and 

9 s = weight of a cubic foot of the water vapor contained in 
the saturated moist air. This is found from steam 
tables. 

From Art, 409, Eq. (4), 

9 = .01874 Y* (24) 

Hence 

5 i = 5 + ^2 .01874 ^ 

= .01874 ——— 4- 62 lbs. per cu. ft. (25) 

If the air is not saturated^ but the relative humidity = e, then 

P ^ eP 

=== .01874 —-—- + eh. (26) 

Example. —Absolute pressure P =« 14.7 lbs. per square inch “2117 lbs. 
per square foot; t ^ F., so that T ^ 460 4* 100 « 560"". Find hi for the 

fully saturated condition, and for relative humidity *= 50 per cent. 

For 100° F., ht “ .002851 lbs. per cubic foot, while for saturation P«, « 144 
X .046 "*136.2 lbs. per square foot, both figures derived from the steam table. 
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For the saturated condition, then, 

5i «= .01874 4. ,002851«.0692 lbs, per cu. ft 

560 

For the relative humidity of 50 per cent, e * .5, 

$1« ,01874 -f -5 X .002851 =« .0699 lbs. per cu. ft. 

560 

The weight of absolutely dry air would have been 


^ o 2117 

A. sa= OTX'TvI-: 


The work of compression of moist air is composed of two parts: 
(a) the work required to compress the dry air contained in a given 
volume of moist air, and (b) the work required to compress the 
water vapor contained in this volume. For the work under (a) 
the formulas above developed for dry air directly apply. Work 
under (b) may be found as follows: The water vapor before com¬ 
pression has the partial pressure P^., properly computed for the 
relative humidity existing, and the temperature Tt. At the end 
of compression its volume is Vz, and it must have the temperature 
T%, the same as the air. With this data we may compute the 
partial pressure PJ at the end of compression from 





In this case the value of y = ^ for superheated steam in the 

range Ti to Tz (see the article on specific heat, in Chap. XXI). 

From Eq. (15), the work of compressing one pound of dry air 
would be 



in which PJ is determined by an equation of the form of Eq. (27). 

For superheated water vajwr, the work of compressing one 
pound will by analogy be 

7 - I 
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If now in one pound of moist air there are Gi pounds of dry air 
and Gi pounds of water vapor (so that Gi + Gi — i.o), the work of 
compressing one pound of the moist air will be 

W = GiWa -f GiWb ft.-lbs. (30) 

The above method is probably not quite correct on accoimt of 
heat interchanges between air and water vapor, the values of y 
being different. A more exact and simpler way is to compute an 
average value of 7 for the mixture of air and water vapor, but this 
does not separate the two amounts of work to bring out their 
relative importance. The error in the first method is in any case 
not great, and it may be used for the purpose of obtaining an idea 
of the relative proportion of the two amounts of work. 

Averages(3.) 


in which Cf and Cf are the specific heats for air, and Cf' and Cf' 
tliose for the superheated water vapor, while m is the weight ratio 


of water vapor to air in one pound of moist air = 
may be computed from the equation 


Gi 


This ratio 


Ri ' P, 85.86 Pa 



(32) 


The theoretical work required for one pound of the moist air 
between total pressures Pi and Pa is then computed from Eq. (15)^ 
except that for the value of 7 for dry air the average value of 7 for 
the mixture is substituted. 

412. Theoretical Compressor Horse Power. - Let the theoretical 
work required to compress one cubic fool of free air under given 
condition be in general W foot-pounds, li d = cylinder diameter 
in feet, I = stroke of piston in feet, n - revolutions per minute, 
and m — number of cylinder ends in operation, the volume capacity 
of the theoretical compressor will be 

= —Inm cu. ft. per min. 

4 
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The theoretical horse power, then, is 

UP. X. -l^SAdHnmW 

33,000 


(33) 


The following examples are intended to bring out the differences 
in the theoretical work required in isothermal compression as 
compared with adiabatic, and in the compression of dry air as 
compared with moist. 


Example, —‘ CyL dia. d «= 5 feet; stroke I » 4.5 feet; w « 35 r.p.m.; com¬ 
pressor is two-cylinder double-acting, so that w «»= 4; suction pressure « 14 
lbs. per square inch absolute; discharge pressure * 40 lbs. per square inch 
absolute. 

Case 1 . Isothermal Compression, Dry Air.— 

P 40 

From Eq. (10), W - Pi log^ ~ = 14 X 144 h>ge - ^ 2130 ft.-lbs. 

-Ti 14 

H P. -73 54 X 5' X 4-5 X 35 X 4 X 2130 ^ 

33iOoo 


Case II. Adiabatic Compression, Dry Air. — Assume 7 *= 1.408. 



1.408 

.408 

/ 4 oV-^ 


-. 4 X. 44 X-^ 

Lw -'J 


From Eq. (16) W ^ Pi- 
y 

« 14 X 144 X 3-45 (2-85^ - x) = 2469 ft.-lbs. 

H P = 4.5X35X4 X 2469 ^ 

33,000 


Assuming that the initial temperature of the air was (- 
temperature will be 


530® abs.), the final 


T-l 


'r ^ f 4 oy 

‘'{pj -“HJ 


408 


717 


and the temperature rise « 717 ~ 530 = 187®. 

Case III, Compression of Moist Air.—Assume temperature = 70® F.; 
relative humidity c » .5; suction pressure « 14 lbs. per square inch absolute; 
discharge pressure also as before. 

From the steam table the partial pressure for the saturated vapor at 70® F. 
~ .3626 lbs. per square inch. For e « .5, the actual partial pressure then is 
Pw ^ .5 X .3626 « ,1813 lbs, per square inch. From this Pa =* T — P,r » 
14 — .1813 » 13.818 lbs. per square inch. 

181^ 

Hence m ^ .621 » .621 ~~ -A « ^ooSz. 

Pa 13-818 

Assume for air, Cp « .238, Cv * .169; for water vapor, Cp" » .453, « .345. 
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Then 


. -^ 38+ -008 2 X 453 , 
.169 + .0082 X .345 


mean y = « 1.406. 

^lo 

With this value of y , the work of compressing one cubic foot of moist air is 
W 


H.P. 




1- 

M 

1 

=» 14 X 144 X 


. 40 « 

oyiod 

y- I 


1/ J 

.406 

L\i 

4/ 


i 14 X 144 X 3 46 (2.85 “** — i) =» 24SS ft.-lbs. 
• 7854X 5* X4 5X 35X4X245 5 

33.000 


' 9x4 


413. Effect of Clearance, Volumetric Efficiency, and Slip. — The 
fact that there is clearance in the cylinder and that the air caught 
in this clearance reexpands, does not in any way affect the work 
formulas for pounds or for cubic feet of air handled. Its only 
effect is to reduce the capacity of the compressor. 

In Fig. S74, let the volume in the cylinder at the end of the suction 



stroke = Fi, the volume after compression = Fj, and the clearance 
volume = Fj, At the end of the instroke the clearance volume Fa 
is filled with air under pressure = A- On the next outstroke the 
air expands, following the piston, until at the suction pressure Pi 
the volume F* is reached. Not until this condition is attained can 
the cylinder draw in a fresh supply of air from the outside. 

Volumetric efficiency, E„, is defined as the ratio of the volume 
of free air actually compressed in a given time to the piston dis- 
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placement in the same time. If multistage compression is used, 
piston displacement, of course, refers to the low-pressure cylinder 
only. Engineers use several methods of computing volumetric 
efficiency, but there is only one accurate way, and that is to deter¬ 
mine it experimentally by actually measuring the air taken in, 
or discharged, or both, as a check. The free air thus determined 
divided by the piston displacement is the true volumetric efficiency, 

The best approximate computation is the following: Let Pf, = 
tlie pressure of the free air outside of the cylinder (= barometer 
pressure); Pi = pressure in the cylinder at end of suction stroke 
(less than P(, on account of losses through the intake valves); = 

absolute temperature of free air outside of cylinder; Ti the absolute 
temperature at the end of the suction stroke (usually higher than 
^6 on account of heating of the incoming air by the cylinder walls); 
V, = piston displacement per stroke; V,- - useful or effective 
piston displacement per stroke (sec Fig. 574); 6’,= the weight of 
free air in the volume V,; and G,'= the weight in the volume V,'. 
Then approximate, or apparent, volumetric efficiency 


PiV.’ 
- PPi 

Rl\ 


(34a) 


Of the factors in this equation, Pi may be measured from an 
indicator diagram, Pj, is found by barometer, V, is proportional 
to the distance Vi - V3 (Fig. 574), and V,- to the distance Fi - F4. 
Ti is easily found, but the value of Pi is uncertain and can only 

T 

be assumed. On account of this uncertainty, the ratio ■— is 

Px 

sometimes neglected or assumed equal to i.o, and the equation 
for apparent volumetric efficiency is, then, 

II (34b) 


This form of the equation corrects for pressure differences, but 
neglects temperature effects; it is equivalent to the ratio of the 
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A "B" 

distances -7;„, » Fig. 5 74. Finally, in rough computations a further 
A jy 

approximation is made, neglecting so that 


p AB 

” V, Vi-Vs A'B' 


III 


(34c) 


There is, however, no good reason for ever using form III. Form 
II is largely employed in estimating capacity, buf mm of these 
forms should be used in computing air delivered on tests. Even 
assmning that Tx is known, form I is approximate, in that it neglects 
losses through leakage. On all tests the air taken in or discharged 
should be actually measured.* Where computations must be based 
on apparent volumetric efficiencies, the lower part of the diagram 
should be taken with a weak spring. 

Slip is defined as the difference between the piston displacement 
and the actual volume of free air delivered, both based on the same 
time unit. I'he percentage of slip is the cubic feet of .slip in a given 
time divided by the piston displacement in the .same time. 

414. The Efficiency of Compression and the Mechanical Efficiency 
of the Machine. — The efficiency of compression is the ratio of 
the theoretical work Wa required to compress isolhcrmally a given 
volume of free air under stated conditions from a pressure P\ to 
a pressure Pi, to the work IVa required to do this in an actual case. 
The efficiency of compre.ssion, therefore, is 




Wjh 


(35) 


* It is perfectly easy to obtain high apparent volumetric efficiencies, that is, as 
computed from the cards. With mechanically operated intake valves, for instance, 
it is posvsiblc, by opening the intake at the inner end of the stroke, allowing the air 
compressed in the clearance spaces to flow into the intake pipe, to obtain a vertical 
drop from receiver to intake pressure, as far as the indicator diagram is concerned. 
It must be apparent tliat this scheme has not in any way improved the true volumetric 
efficiency of the compressor. Another method, used in an attempt to decrease the 
effect of clearance, is to equalize the pressure on both sides of the piston near the end 
of the stroke by having the piston open a by-pass connecting the two ends of the cyl¬ 
inder. This method, while it helps the end of the cylinders in which the pressure is 
being relieved, must decrease the effective charge volume on the other side, and the 
gain as far as volumetric efficiency is concerned Is, therefore, fictitious. 
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Wtk inay be directly computed from Eq. (9) or (9a), while Wa 
is found from actual indicator diagram. 

The mechanical efficiency £* of an air compressor is defined 
as the ratio of the air horse power to the horse-power input used 
to operate the compressor. If the prime mover is a steam engine, 
as is most often the case, the power input is the I.H.P. of the 
steam cylinder or cylinders, if the engine is direct-connected. If 
any prime mover used to run the compressor is belt-connected, 
some allowance for the eflSciency of transmission must of course 
be made. This point should be made a matter of specification in 
every guarantee contract, as the proper allowance to be made for 
the efficiency of a belt drive is not at all definite, but depends upon 
circumstances. Ninety-five per cent at full load is a common figure. 

The air or compressor horse power is computed from indicator 
diagrams, speed, and engine constants in exactly the same way as 
for the indicated horse power of a steam engine. 

It should be noted that the mechanical efficiency of the machine 
as above computed not only takes into account the friction losses 
in the machine members, but also the fluid friction losses incident 
to taking in and discharging the air. 

If the ideal isothermal compression line is drawn in on the average 



Fig. 575. 

compressor diagram of a test, as is done in Fig. $ 75 ) some of these 
losses become apparent and may be estimated.* Thus, in Fig. 575, 

• For a detailed mathematical discussion of the estimation of the various losses 
in an air compressor, the student referred to v, Ihering, Die Gebiase/’ 
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Shaded area Fi *= Loss due to heating of air during compression; 

Shaded area Fi == Loss due to work required to force the air 
(and in some cases also cooling water) 
through discharge valves and ports; 

Shaded area Fi = Loss due to resistance encountered by the 
incoming air in passing intake valves and 
ports. 

415. Multistage Compression. — It has already been pointed 
out that one of the main reasons why the actual work of compression 
is greater than the theoretical isothermal work lies in the fact that 
the air is imperfectly cooled during compression. This is one of 



the practical difSculties that cannot be overcome by any system 
of cylinder cooling. To minimize this loss as far as possible, 
especially for high-pressure work, it is common practice to divide the 
total work into stages and to cool the air between the stages; thus a 
two-stage compressor consists of a low-pressure cylinder, in which the 
air is compressed from atmospheric pressure Pi to some pressure Pj 
(see Fig. 576). It is then transferred to an intermediate receiver, 
called an “ intercooler,” in which it is cooled more or less, depending 
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upon the efficiency of the cooler. The ideal case, of course, is to 
cool the air back to the temperature Tu which it possessed at the 
beginning. The air from the intercooler next passes into the 
second or high-pressure cylinder, in which the pressure is raised 
from the intercooler pressure P-i to the discharge pressure P*. 
Similarly, a three-stage compressor has a low, an intermediate, 
and a high-pressure cylinder with intercoolers between the cyl¬ 
inders. 

How many stages can be economically employed depends largely 
upon the pressure to which the air is to be raised. It is a fact that 
each stage will show a saving in work as far as the compression 
itself is concerned, but there is a point at which such saving is 
balanced by increased friction and leakage lo.sst‘s and beyond which 
it does not pay to increase the number of stages. Two-stage com¬ 
pression is commonly employed where the pressure to be attained 
exceeds 6o to 8o lbs. per square inch; the use of three stages is not 
very common. Even in two-stage compression, bad valve design 
and inefficient intercooling may easily make the two-stage opera¬ 
tion less economical than single-stage between the same pressure 
limits would have been. 

Confining the discussion to two-stage compression, and con¬ 
sidering intercooling to initial temperature Pi the ideal case, the 
theoretical saving over single-stage adiabatic compression can be 
easily shown. In Fig. 576, BC is the isothermal and BC the adia¬ 
batic compression line. In single-stage compression the loss due 
to the absence of cooling is measured by the area CBC. If now 
we compress in a low-pressure cylinder to some intercooler pressure 
P 2 along the adiabatic BE, the work done in the low-pressure 
cylinder will be represented by the area ABEF. The intercooler 
is assumed to cool at constant pressure P^ to the initial temperature 
Ti, locating the point E'. The volume represented by FE' is 
then drawn into the high pressure cylinder and compressed along 
the adiabatic EC" to the pressure P%, the work done in this cylinder 
being FE'C'D. The total work done in both cylinders is repre¬ 
sented by the area ABEE'C"D, which is less than the work ABC'D 
by the area EE'C'C, which therefore represents the saving under 
the conditions assumed. 
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The work done in the two cylinders should be equal, which means 
that there is some theoretically best intercooler pressure P% which 
should be maintained. The student is referred to Peele, “ Com¬ 
pressed Air Plant,” for the development of mathematical expres¬ 
sions for the work done in each cylinder and for the best intercooler 
pressure. 

416. The Construction of the Combined Diagram for a Two- 
stage Compressor and the Saving due to Cylinder Jackets and 
Intercooler. — In practice the discussion of the previous article is 
modified by the following factors: The compression in each cylinder 
is not adiabatic, but, owing to the use of cylinder cooling, the com¬ 
pression line lies between the adiabatic and the isothermal; the 
action of the intercooler may not be effective enough to cool the air 
to the initial temperature, or if the cooling is very efficient the 
temperature may be less than Ti at entrance to the high pressure; 
owfing to losses in passing through valves and intercooler, the dia¬ 
grams for the two cylinders may overlap instead of meeting in a 
line like FE', Hg. 576. The overlapping area means lost work. 
Finally, the clearances in the two 
cylinders, which are usually not 
the same percentage of the stroke 
volumes, has a certain effect 
upon the relative position of the 
cards. 

To construct the combined dia¬ 
gram, select average high- and 
low-pressure cards from the set 
obtained on the test, and proceed 
to combine the.se in exactly the 
same way as explained for steam- 
engine diagrams in Chap. XVI, 
setting off the diagram for each 
cylinder from the zero volume line a distance proportional to the 
clearance for that cylinder. Fig. 577 shows the high- and low- 
pressure cards for a two-stage compressor, for which the following 
table contains the main data: 




AtnnUne 

Zero 


Fig. 577- 
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Diameter, H.P. cylinder.*.. 

24.2s" 

Diameter, L.P. cylinder. 

38.5" 

Stroke. 

48" 

Piston displacement, H.P. cylinder., 

12,83 cu. ft 

Piston displacement, L.P, cylinder.. 

32.34 cu. ft. 


72 

Clearance, H.P.cylinder. 

I per cent. 

Clearance, L.P. cylinder. 

I per cent. 

Clearance volume, H.P. cylinder... 

.128 cu, ft 

Clearance volume, L.P. cylinder,. .. 

323 cu. ft. 

Total volume, H.P. cylinder. 

12.95S cu. ft. 

Total volume, L.P. cylinder. 

32,663 cu. ft. 

Barometer reading, 28.6" «. 

14.0 lbs. absolute. 

Intercooler pressure, 26 lbs. ». 

40.0 lbs. absolute. 

Reservoir pressure, 65 lbs. «. 

79.0 lbs. absolute. 


Fig. 578 shows the two diagrams combined. To show the saving 
effected by the low-pressure jacket, draw from E the isothermal 
EC and the adiabatic EE. Since, without any cooling whatever, 
the compression line would have followed EE, the area EEFE will 
represent the saving due to the low-pressure jacket. Assume that, 
beginning with E, the air is discharged into the intercooler at 
constant pressure. The volume discharged is represented by EX. 
Now, if the reexpansion lines of the two diagrams crossed the inter¬ 
cooler pressure line at the same point, and if there were no intercooling 
whatever, the suction line of the high-pressure card would bring 
us back exactly to the point E. But there is usually a difference 
in the volumes shown by the reexpansion at intercooler pressure, 
owing to differences in clearance in the two cylinders, which dif¬ 
ference in this case is equivalent to the distance XD. Hence, still 
assuming that there is no intercooling, the high-pressure suction 
line will extend only to F' instead of to E. Adiabatic compression 
in the high-pressure cylinder would then have given the line E'l. 
Intercooling, however, has decreased the volume at the end of 
high-pressure suction to the point K, and adiabatic compression 
from that point gives the line KL. Hence the saving due to inter¬ 
cooler action is measured by the area F'ILKE'. From K draw 
also the isothermal KN. The area KLMK included between the 
adiabatic KL and the actual compression line, KM, measures the 
saving due to the high-pressure jacket. 















Fig. 578. — Combined Diagram for 4ia Cylinders, Air Compressor Test. 
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The combined diagram here given is not a good example of 
practice in two-stage compression. This will become apparent 
when we compare the actual gains made with the possible gains 
and actual losses. The possible saving in cooling the cylinders is 
measured by the area EiGCE in the low-pressure, and by area 
KLNK in the high-pressure cylinder. Both cylinder jackets, 
therefore, appear to be inefficient. The intercooler, when efficient, 
should cool the air back to the initial temperature, that is, back to 
the isothermal EC. Its inefficiency is consequently apparent. 
The actual friction and valve losses are in this diagram indicated by 
the area below the atmospheric-pressure line, the area above the 
reservoir-pressure line, and the overlapping area of the two cards, 
above and below the intercooler-pressure line. It may be assumed 
that two of these losses, that at low-pressure suction and high- 
pressure discharge, are present also to a similar extent in single- 
stage compression; but the loss, due to the friction in low-pressure 
discharge valves, intercooler, and high-pressure suction valves, 
measured by the overlapping area KFXRK, is directly chargeable 
to the use of the two-stage principle and should be offset against 
the intercooler saving. In this case, the net result is a positive 
loss, owing to inefficient intercooling and bad design of intercooler 
and valves. 

417. The Computation of Efficiencies in Multistage Compression. 

— The true volumetric efficiency E„t and the mechanical efficiency 
Em are computed exactly as for the single-stage compressor (see 
Arts. 413 and 414). The apparent volumetric efficiency E„a is, of 
course, computed from the low-pressure card. The efficiency of com¬ 
pression Ec is again the ratio of the theoretical (isothermal) work of 
compression to the actual work. In Fig. 578, the actual work is 
the equivalent of the sum of the areas of the two cards, that is, 
EFPXSE and KMTDRK. The theoretical work may either be 
computed from the equation given in Art. 411, or it may be de¬ 
termined from the combined diagram. The area representing the 
theoretical work for the low-pressure cylinder is ABCXA, the line 
XA being the isothermal reexpansion line. To determine the 
theoretical work for the hig^i-pressure cylinder, set off the distance 
CJ 3 ' equal to the distance DX, and draw the isothermals B'C' 
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and D'A'. The theoretical work for the high-pressure cylinder 
is then represented by the area A'B'C'D'A'. 

The higher the efficiency of cooling, the greater, of course, will 
be the value of With a very efficient intercooler and low tem¬ 
peratures of cooling water, it is even possible to cool to such an 
extent that the point K will lie to the left of the isothermal EC, in 
which case the efficiency of compression may approach or exceed 
100 per cent, provided, of course, that friction losses are reduced 
to the minimum. 

418. Arrangements for Testing Piston Compressors. — The main 
items to be determined for an efficiency and economy test are: 
(i 4 ) the power input (steam horse power, motor horse power, etc.); 
(B) the air horse power; and (C) the weight or volume of air handled. 
A complete test should further record speed, pressure, and tem¬ 
perature of surrounding air, inlet and outlet pressures and tem¬ 
peratures, and all intermediate pressures and temperatures, if 
multi-stage compression is used; also the temperatures of all the 
water entering and leaving all of the jackets. 

A. The Power Input. —The most common motive power is 
steam; next electric energy is largely employed. For methods of 
determining the power delivered to the air cylinders by any of 
the types of prime movers ordinarily employed, see the particular 
chapters concerned. 

When the prime mover is an electric motor, hydraulic motor, 
or when a belt drive is used, the measurements on this end confine 
themselves generally to the determination of the horse-power input. 
In case a steam engine is used, the test may of course be extended 
to a complete test of engine and boiler plant, for which see Chaps. 
XVII and XVIII. 

B. Air Horse Power. —This is the indicated horse power as 
computed from cards taken from the air cylinders. I'he computa¬ 
tion is exactly the same as for horse power from steam cylinders. 

The rules to be observed in the attachment and use of indicators 
on the air cylinders are also the same as for steam (see Chaps. 
XV and XVI), and no special precautions are necessary. 

C. Weight or Volume of Air Handled. — This measurement is 
very important and is the one hardest to make accurately in con- 
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nection with an air-con,pre&sor test, especially if the plant is large. 
In that case some of the most reliable means available, that is, 
gasometer and meter, can no longer be used on account of the cost 
of the apparatus. In fact, under any circumstances, the measure¬ 
ment is not a simple one, and for that reason it is often agreed to 
compute the quantity of air delivered from the piston displacement 
and the apparent volum-etric efficiency (as computed from the 
card). It should be distinctly understood that this method is 
approximate and may lead to considerable errors. If used, 
should be computed only from a card taken with a weak spring and 
stops. 

For very accurate work, air may be measured both at inlet and 
outlet of the compressor. The means available at the inlet are: 
gasometer, meter, anemometer. Of these the former is the most 
accurate. The anemometer is not recommended, although it pos¬ 
sesses the decided advantage of large capacity as compared with 
the other two. At the outlet, besides the three methods above 
given for the inlet, any one of the following methods is also avail¬ 
able: orifice, Venturi meter, Pitot tube, nozzle, pumping up a tank 
from a lower to a higher pressure, calorimetric means. 

The theory underlying any of these methods, together with 
the accuracy attainable and the limitations to applicability in 
individual cases, has been discussed at length in Chaj). XII. One 
or two illustrations of actual apparatus used may, however, be of 
service. 

Fig. 579 * shows the method employed by Professor Josse in the 
laboratory at Charlottenburg for small-sized air compressors. The 
compressor C is in this case driven by belt from a steam engine 1 ). 
The air is measured both at inlet and outlet. G is a gas meter 
connected to the inlet; Ri being a small receiver to deaden the 
pressure fluctuations due to suction, and Vi a valve to control the 
suction pressure if desired. Manometers are indicated to observe 
the pressures both at the meter and in the suction receiver. The 
high-pressure air is first delivered into a small receiver Rt and from 
this is either allowed to escape at 0 or is pumped into the large 
measuring tank i?j. The valve Fa serves to regulate the pressure, 
Zdtsekri/i des Vereins deuischer IngenieurCf Feb. 4, 1905. 
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shovm by gauge Ga, against which the compressor is discharging, 
and this is kept constant during a trial of air delivery. The capacity 
of the large tank is about 700 cubic feet. The method of operating 
this apparatus is practically that outlined in Art. 230, p. 438. 



Fio. 579* —Method of MEAStJRiNc. Air by Pumping ut' \ Rfservoir. 

Air is allowed to escape at 0 , until the pressure at G. and that in 
the tank, measured at Gj, are determined. Observe also the tem¬ 
perature at T. Then, closing 0 , let the pressure at Gj increase to 



PiOk 580 .—Orifice Method 01 Measukinc. Air at Outlet from Compressor. 

the desired limit, keeping Ga constant. At the end observe Ga and 
the temperature. The formula for computing weight of air from 
this data is also given m the article mentioned. 

Fig. 580 * shows an orifice method of measuremaat used in the 
• Zeitscirift des Vereins deutseher Ing,emeuTe, Oct. 30, 1909. 
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test of a compressor delivering about 140,000 cubic feet of air per 
hour against a pressure of about 1 1 5 lbs. The compressor delivered 
first into a receiver having a capacity of 1050 cubic feet. The in- 
teiposition of a receiver is practically a necessity for any method 
of measurement, to obtain steady flow. The orifice used was bell- 
mouth, diameter at small end 1.42", large end 2.32", length 2.16", 
radius of curvature at entrance 80", constant C - .975. For dis¬ 
charge formula see Arts. 220 to 223. The arrangement of apparatus 
for measuring pressure and temperature are indicated. F is a 
regulating valve to maintain at the proper level the pressure I\ 
against which the compressor is discharging. 

Another orifice method, capable of large capacity, is shown in 
Fig. 581. Here the compressor delivers into the receiver .^i, in 



Fjg. 581.—OairiCE Method or Miasurinc. Air, for Large Capahties 

which the desired pressure is maintained by means of valves Fi 
and Vi, as read at Gi. The air discharges into Ri, which is furnished 
with a number of discharge orifices around the bottom as indicated. 
The pressure in Ri is determined by the open mercury column M, 
which may also be used to measure the pressure in Ri by throwing 
over the three-way cock H, unless the pressure is too high. Tem¬ 
perature is measured at T. The water seal merely serves the pur¬ 
pose of deadening noise. By substituting plugs for the orifices the 
capacity of the apparatus may be changed at will. The computa¬ 
tion of delivery is of course the same as for any orifice measurement. 
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419* Record of Data and Computations for Air-compressor 
Test, — The forms on pages 979 and 980 show the necessary data 
to be observed for a test on a two-stage compressor driven by a 
compound engine. The method of air measurement is in this case 
by convergent nozzle. The pressure discharged against by the com¬ 
pressor is kept at the desired point by a valve just ahead of the 
nozzle. The first form takes care of the data and computations 
obtained from the steam and air cards. The second records tlie 
general readings of speed, pressures, temperatures, etc. 

The principal data and results to be reported are given in the 
following table: 

RESULTS OF AIR-COMPRESSOR TEST, 

1. Date of test. 

2. Duration of test, hours. 

3. Diameter of cylinders, inches: 

(a) Steam, H.P.,. .,(/>) Steam, L.P.; 

(c) Air, H.P. ; {(i) Air, L.P. 

4. Stroke, inches: 

(a) Steam cylinders .. ; (b) Air cylinders. 

5. Diameter piston rods, inches. 

Av. per cent of clearance in air cylinders, H.P.L.P.. . 
Revolutions per minute: 

(a) Prime mover.; (^) Air cylinders. 

6. Average observed readings: 

{A) Pressure, absolute: 

(a) Steam ,. . ; {b) Vacuum, condenser_; (c) Barom¬ 
eter . ; ((/) Air suction . ...; (e) Intercooler . . . ; 

(/) Receiver. {g) Pressures at measuring apparatus. . . 
{B) Temperatures, °F.: 

{a) Steam ... .; (6) Air at intake.; (c) Air leaving L.P. 

cyl.; id) Air leaving intercooler. (e) Air leaving 

H.P. cyl.; (/) Jacket water, L.P. cyl., entering ; 

leaving.; (g) Jacket water, H. P. cyl., entering. . . ; 

leaving.; {h) Jacket water, intercooler, entering. ... ; 

leaving.; (f) Temperatures at measuring apparatus. 

(C) Weights, pounds total: 

(a) Condensed steam, or feed w^ater to boiler.*, (fe) Stf am 

to steam jackets.; (c) Cooling water, L.P. ajj-cyl. jadeet 

. ;(d) Cooling water, intercooler jacket. ;(e) Cooling 

water, 11.P. air-cyl. jacket. 
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RESULTS OF AIR-COMPRESSOR TZST. —Continued. 

7. I.H.P,, H.P, steam cylinder. 

8. I.H.P., L.P. steam cylinder. 

g. Total I.H.P., steam end . . 

10. I.H.P., H.P. air cylinder.... 

11. I.H.P., L,P. air cylinder . 

12. Total air LH.P. 

13. Pounds of wet steam per steam I.H.P. per hour. 

14. Quality of steam, per cent. 

15. Pounds of dry steam per steam I.H.P. per hour. 

16. Pounds of dry steam per air I.H.P, per hour. 

17. Heat supplied in one pound of steam, B.t.u. 

iS. Heat supplied per hour per steam I.H.P., B.t.u. 

19. Heat supplied per hour per air I.H.P., B.t.u. 

20. * Actual volume of free air delivered per hour, cu. ft. 

21. Piston displacement of L.P. cylinder, per hour, cu. ft. 

?2. Theoretical horse power required to deliver the actual volume of free 

air compressed to receiver pressure, adiabatic compression. 

23. Theoretical horse power required to deliver the actual volume of free 

air compressed to receiver pressure, isothermal compression . 

24. Slip, cubic feet per hour. 

25. Slip, per cent... 

26. Efficiencies: 

(a) Mechanical efficiency, Em- .. . 

(b) Volumetric efficiency, true or actual, Eyt . 

(r) Volumetric efficiency, apparent, Eva . 

(d) Efficiency of compression, Ec . 

27. Saving effected by cooling jackets, as compared with adiabatic com¬ 

pression and no intercooling; computed from combined diagram: 

(a) Saving due to L.P, jacket, horse power. 

(b) Saving due to H.P, jacket, horse power. 

(c) Saving due to intercooler jacket, horse power. 

In consideration of the exfilanations given in previous para¬ 
graphs of this chapter, none of the items of the above table need 
any extended comment. P'or items 22 and 23, see Arts. 411 and 
412. Iteims 24 and 25 are explained in Art. 413. For the com¬ 
putation of the efficiencies, see Arts. 413 and 414. 

* Free air means air under the conditions of barometer pressure and air tempera¬ 
ture existing at the intake to the compressor. The item is computed from the data 
observed on the measuring apparatus used, and full details of this apparatus and the 
observations made should be given in the report. It has already been stated that if 
no actual measurement is made, the quantity may be taken equal to piston displace¬ 
ment multiplied by apparent volumetric efficiency. 
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420. The Action of the Centrifugal Fan. — A centrifugal fan, of 
whatever type, takes gas having a pressure of Pi pounds absolute, 
a velocity of Vi feet per second, and a temperature of ti, and com¬ 
presses it to a pressure of pi pounds absolute, with a velocity of 
Vi feet per second, and a temperature of 1 %- In practice the degree 
of compression is generally so small that there is no sensible devel¬ 
opment of heat, and consequently the compression may be con¬ 
sidered isothermal. The work done by the fan upon the gas is 
cjcpended in three ways: (0) compressing from the pressure pi to the 
pressure pi, {h) forcing the weight of air handled against the pres¬ 
sure pi', and (c) raising the kinetic energy of the gas by increasing 
the velocity. 

The work of compressing the gas is, under ordinary conditions, 
ver}' small. Thus, if the pressure is raised to W water above 
atmosphere, the percentage of pressure increase, assuming atmos¬ 
pheric pressure at 14.7 lbs., is only-^^ = .029 = 2.9 per cent. It 

is therefore usual to neglect this work item, that is, to assume that 
the density of the gas is not changed. 

This modification, or assumption, however, makes Ute condition 
of operation for the fan the same as for a centrifugal pump, except that 
air or gas instead of water is the fluid pumped. The centrifugal 
pump theory is discussed in Chap. XXV, and it is there shown that 
this can be based upon that for the radial outward-flow reaction 
turbine. The fundamental theory of this turbine therefore applies 
directly to the centrifugal fan. 

It is shown (Art. 471) that the theoretical lift or head produced 
bj' the centrifugal pump may be expressed by 

II - (36) 

g 

in which tCi ~ the linear velocity, in feet per second, of the fan 
blade at the tip (exit); 

Wi = the relative velocity, in feet per second, of the air 
leaving the fan wheel {— the volume Q of air 
flowing, in cubic feet per second, divided by the 
peripheral area of the fan wheel in square feet, 
around the exit circumference); and 
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aa ^ the angle made by % (drawn perpendicular to the 
radius from the center of the wheel) and vh 
(drawn tangent to the last blade element). See 
Fig. 6x1, p. 1054. 

It is also shown (p. 1075) that the general equation for gross 
head h pumped through by a centrifugal pump (or produced by 
a centrifugal fan) is 

h = I /?d - (± ^,) + Ai+ I feet, (37) 


in which = static head above atmosphere measured at some point 

in the discharge pipe; 

h, = static head above atmosphere measured at some 
point in the suction pipe (h, is to be used with 
the minus sign when the pump lifts water, with 
the plus sign when the water is supplied under 
some pressure); 


hi = vertical height between the points of measurement 
in discharge and suction pipe; 

j) 2 

— = velocity head in the discharge pipe at point where 
ha is measured; and 




velocity head in the suction pipe at point where 
k, is measured. 


It is needless to say that for the fan all thc'se heads are expressed 
in feet of air or gas. 

The above equation ai)plies, as it stands, to the case of a fan 
drawing from a closed space and discharging into another limited 
space. That is not the usual case. Usually the fan either draws 
from the air and discharges into a limited space, or it draws from 
a limited space and discharges into air. 

In the case of the fan drawing from the atmosphere, both h, 
and V, may be considered zero. There is, of course, velocity near 
the inlet of the fan, but where velocity exists, h» is no longer zero. 
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Away from the fan, however, h, and v, are zero. The gross head 
then becomes 

A = + +™)feet. (38) 

\ 2 g/ 

In practice hi is neglected, so that finally 

//= fA,i + “-)feet. (39) 

\ 2 g! 

Where the fan discharges into air, and -may be considered 

equal to zero, and, neglecting hi, the gross head in that case becomes 
equal to 

h = ih, - feet. (40) 

\ 2 g/ 

421. Work done by a Fan: Air Horse Power. — It has already 
been stated that work done by a fan consists of 

(а) the work of compressing the gas from suction pressure to 

discharge pressure. It has been shown that this is a 
small quantity and is usually neglected. 

(б) the work of forcing the gas against the discharge pressure. 

This work is equivalent to lifting the weight of gas 
handled through a height corresponding to the difference 
of static head on the two sides of the fan. 

(c) the work of increasing the velocity of the gas flow from the 
\’elocit}' on the suction to the velocity on the discharge 
side. 

Take the case of a fan drawing from the atmosphere and dis¬ 
charging through a main against a resistance. At any section A 
of the discharge main, Fig. 582, let the static pressure be equal 
to fia (measured above atmosphere, in inches of water, mercur)', 
ounces per square inch, or other units), and let the velocity be 
feet per second. Also let Q be the volume in cubic feet of gas 
delivered per second, and S be the density of the gas (= weight per 
cubic foot at the pressure and temperature in the discharge main). 

Compute the equivalent height of gas column h,, in feet corre¬ 
sponding to the pressure pa (see Art. 233). Then, since the weight 



984 


EXPERIMENTAL ENGINEERING 



Ftc. 582. 


of gas handled is G — QS pounds per second, and since this weight 
is raised against the pressure pdi = equivalent to the height kd), 
the work done under heading (b) above will be 


Wi, = Ghd - Qdfid ft.-lbs. per sec. (41) 

The general formula for kinetic energy is 


KE^M 


— Vi^ 


2 


G — Vi'^- 

& 2 


Q - Pi- 


ft.-lbs., 


(42) 


in which is the velocity of the mass at the beginning, and vt 
the velocity at the end. In this case, since the fan is drawing 
from the atmosphere, Vi = v, — o, and th = fd- Hence the work 
equivalent to the kinetic energy under heading {() above is 


Wc^^G^ ~ (>5 —ft.-lbs. per sec. (43) 

2g 2g 

The total work done by the fan upon the gas, therefore, is 

W==Wi+Wc = Qb(hd-h —)ft.-lbs. per sec. (44) 
V 2g/ 

The last factor of the right-hand member of this equation is equal 
to the total or gross head by Eq. (39). The foot-pounds of work 
done in a given time, therefore, is equivalent to the weight in pounds 
of gas handled in that time, multiplied by the total head in feet. 
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The result would have been the same if other conditions of 
operation (discharge into atmosphere or drawing from a closed 
space and discharging against a resistance) had been assmned, and 
the general work formula is (neglecting h, as is usual) 

W -QS {hi + h,+ ) ft.-lbs. per sec. (45) 

' 2 g / 

Returning to the fan of Fig. 582, a simpler way of obtaining the 
necessary data for the computation of work done would have been 
to determine at once the total head at A by using an impact tube 
(Pitot tube without the static opening). The reading of the in¬ 
strument is then directly equivalent to the sum of static and dynamic 

heads //j -f ^ In making this measurement, traverses of the 

main must be made to obtain the average reading. 

Another method of determining the total head against which 
the fan works is to construct a large box or receiver just beyond 
the outlet of the fan {CD in Fig. 582), so that the velocity Vi across 
this box is negligible. The total head produced by the far then 
exists as static head, and this may be found by simply connecting 
a manometer to the box. It is, however, not particularly easy 
to get a box large enough and to so baffle it that the air currents 
in it do not manifest themselves sufficiently to affect the manometer 
reading, and for that reason the determination of total head by 
impact is probably just as reliable. 

Since one horse power is equivalent to 550 foot-pounds of work 
per second, any of the formulas (41), (43), (44), and (45), divided by 
550, will give the corresponding horse power. Eq. (44) for the 
fan of Fig. 582, and Eq. (45) for the general case, ■m’ll give the total 
horse power of work done by the fan. This is called the air horse 
power. 

422. Fan Efficiencies. — (a) Manometric Efficiency is the ratio 
of the gross head produced by a fan to the theoretical head, or 

h 

Etam. (4b) 

in which H and h are found by means of the equations given in 
Art. 420, taking care to use for h the expression applying to the case. 
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(b) Mechanical Efficiency, or simply Efficiency of the Fan, is 
the ratio of the total work done by the fan in moving air or gas 
divided by the horse power input to the fan (not to the prime 
mover). This efficiency, therefore, equals 

_ Air horse power_ Wh ^ , 

Applied hor.ie power AHP X 33,000 

in which W = air or gas handled per minute, and h is the gross head 
produced in feet. 

(f) Volumetric Efficiency* is defined as the ratio between the 
actual volume of air or gas passing the fan in a given time divided 
by the volume of the fan wheel multiplied by the number of turns 
the wheel has made in the same time; that is. 



(48) 


in which Q — volume of air or gas handled, 

Va = volume of wheel, and 
n = revolutions per minute. 

This ratio seems to assume, as a standard, that the fan should 
discharge a volume of air every turn equal to the volume of the 
wheel. Not much weight is attached to this efficiency in fan 
testing. 

423. Arrangements for Testing Fans. — For a capacity and 
economy test, the determinations must include the following; 

{A) Power input; {B) power output (air horse power); (C) vol¬ 
ume of gas delivered (capacity); {D) readings of velocity and pres¬ 
sure at inlet and outlet; (£) speed of fan; (F) humidity and 
temperature. 

(A) Power Input.— Any type of prime mover may be used; 
those usually employed are steam engines, electric motors, belt 
drives from main shafting. The first two may be direct- or belt- 
connected. Where belt-driven, a direct-connected transmission 
dynamometer should be employed for very accurate work. When 
direct-connected to a steam engine or motor, the I.H.P. of the engine 
or the watts input to the motor corrected for the mechanical 
efficiency of the machine will be the power input to the fan. If the 
mechanical efficiency of the prime mover is not known, a curve 

* This term i'4 practically obsolete. ** Relative delivery " is a better term for this 
ratio and is coming into use. 
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between mechanical efliciency and power input to the prime mover 
(I.H.P. or watts) must first be found by disconnecting the fan and 
taking off power by means of a Prony brake. In the form below 
this horse-power input is called applied horse power (A.H.P.). 

{B) Power Output. — This is the air horse power and is computed 
as shown in Art. 421. 

(O Volume of Gas Delivered. — This is, of course, equal to the 
product of cross section of tube or main through which the gas is 
moving by the velocity of passage. For the method of measuring 
the latter, see next paragraph. Calorimetric methods (see Art. 235) 
may also be used- 

(Z)) Measurement of Velocity and Pressure. — The instruments 
commonly used for measuring velocity are the anemometer, Pitot 
tube, and the Venturi meter. Orifice methods are also used. 

For the theory, characteristics, and method of use of any of these 
instruments, see Chap. XII. 

The anemometer determines the velocity directly. To obtain 
an average reading, divide the inlet and outlet areas into partial 
areas by the use of string or fine wire. Obtain the average velocity 
at the center of each partial area. If the latter are equal, the 
average velocity is the arithmetical mean of all of these readings. 
The capacity is to be computed from the velocit)' and cross sections 
of the outlet. If this volume is smaller than that computed for 
the inlet, the difference is due to leakage and back flow. The 
difficulty of calibrating an anemometer with case and certainty of 
results makes this instrument less dependable than some of the 
others. 

The Pitot tube is commonly used in the discharge main only. 
To determine average velocity head, it is necessary to make very 
careful traverses of the main. For the method of doing this, see 
Chap. XII. The ratio of the center velocity to the average velocity 
for the entire pipe section is known as the pipe factor, and for 
extended investigations with the same apparatus it is cpmmon to 
determine the pipe factor by a preliminary" investigation and to 
set the tube once for all at the center of the main. 

It has been shown that the Venturi meter is a satisfactory in¬ 
strument for measuring flow of gas, and it certainly deserves a 
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more extended trial for this service than has up to this writing been 
given it. See Art. 234. 

Orifices may be placed either across the discharge main some 
distance back from the outlet, or in the outlet itself. For the con¬ 
ditions to be met with reference to pressure difference and the 
precautions to be observed in order to obtain reliable results, see 
Chap. XII. 

Static pressure is commonly measured by a simple manometer, 
which may be of the multiplying type (see ('hap. VI) if the pressure 
is very small. It is of the greatest importance to see that the inner 
end of tire pressure tube is not affecte<l by velocity (impact), and 
to that end it is necessary not to have the end of the tube project 
beyond the inside surface of the wall of the main. It is hardly 
necessary to say that for the purpose of determining total head 
(for computing air horse power) the static pressure must be meas¬ 
ured at the same cross section of the main as the velocity head. 

In case the air horse power is determiner! from the meaburr-ment 
of static pressure in a pressure box (velocity head assumed negli¬ 
gible) it is well to measure this pressure at several points in the box, 
as it is not at all easy to obtain a rmiform transformation of velocity 
into pressure head, especially near the fan. It will be found that 
careful baffling is required. 

Total pressure head may be determined at any section of the 
main by traversing with an impact tube, that is, a Pitot tube with¬ 
out the static tube. The manometer reading will then be the sum 
of the static plus the velocity head (= total head). 

(£) Fan Speed. — This may be determined by any of the forms 
of counter mentioned in Chap. VIII, the choice of the type of in¬ 
strument depending of course primarily upon the speed. 

iP) Delerminaiion of Humidity. — See Art. 410. The effect of 
humidity upon the work formulas develoi)ed is to change the den¬ 
sity 5 in the equations. In most cases this is not of sufficient impor¬ 
tance to take into account. 

424. Scope of Test and the Report. — A complete fan investiga¬ 
tion should include the following: 

(a) Determination of the pressure produced with the fan outlet 
closed; 
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(b) A series of runs at constant speed, varying the size of outlet 

opening by predetermined amounts; 

(c) Repeat the series under (b) for a series of speeds maintained 

constant in each case for the same series of outlet openings. 

The observations required have been discussed in the previous 
paragraph. The following forms for recording the observations 
and the results of computations apply directly to the fan-testing 
set used at Sibley College. This consists of a Sirocco fan driven 
by belt through a direct-current motor. The fan delivers into a 
receiver or pressure box in which the velocity is theoretically zero. 
The total head (all pressure head) is here determined by means of 
a manometer. In the discharge pipe a Pitot tube is used and 
finally a Venturi meter is connected beyond the Pitot tube. An 
anemometer is also used. This determines the flow of air, first, by 
anemometer at inlet and outlet, second, by static pressure head 
in the jircssure box, third, by Pitot tube, and fourth, by Venturi 
meter. The purpose of the experiment is not only to test the fan 
but also to give practice in several methods of measuring the flow 
of gas. 

The complete report should show the results graphically as follows: 

Fn 

With the series of ratios -- (actual outlet opening to full opening) 

r'o 

as abscissas, draw' curves with the following ordinates: 

(u) Efficiency of fan, 

(b) Air horse power; 

(c) Volume of free air delivered in cubic feet per minute. This 
will give one curve sheet for each speed used. 

'Phe first of the following forms shows the scheme used for re¬ 
cording the observations, the second shows the principal items to 
be computed from the observations. 



TEST OF .... FAX, AXD MEASUREMENT OF FLOW OF AIR. 

Log of Test. 
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TEST OF FAN AND MEASUREMENT OF FLOW OF AIR. 

Result Sheet. 


Tests made by.. .. . Date.191 

Notation, h ** head in inches of water, h! « head in inches of other fluids; k *» h^K, wheie iT is the 
ratio of density of nianotueter hquid to that of water; U hr ^ HKr is equivalent head in feet of air, 
in which r is the number of feet of air column giving same pressure per sq. inch, as i inch of water; 
area in sq. ft ; K » velocity in feet per sec ; <) « volume in cubic feet per sec.; W “ weight in pounds 
per sec 


Ty{>e of fan . . 

Manufacturer. 

Outside diameter of wheel, ins.. 
Width of wheel, ins . . 

I)imensions of blade, axial, ins 
Dimensions of blade, radial, ins .. 
Form of blade 
Di.iraetcr fan inlet, ins 
Area fan inlet, sq ft,. F 
Diameter fan outlet, ins 
Area fan outlet, sq ft., Fo 
Diameter discharge pipe, ins 
Length of discharge ft 


For anemometer readings; 

Area of pipe where used, inlet, sq. it , Fi . 

Area of pipe where used, outlet, sq. ft., Ft . 

For Pitot tube readings: 

Area of pipe where used, sq. ft., Fz . 

For Venturi tube: 

Area ufistream section, sq ft, F* . 

Area throat section, sq. ft., Fi. 

Angle of convergence, degrees... . . 

Angle of divergence, degrees.. 

Weight of air per cubic foot under actual condi¬ 
tions, lbs., 5 . . ... 


f'lumber of Run. 


1 . 


Sr>eedof fun, R.PM. ... . . 

\*elottty of fan blade tipis, ft. pier sec 
Pressure head in receiver, inches water, 

Height of ecpuivalent air column, ft, . 

Velocity head of discharge, Pitot tube, inches water, hy 
Discharge by Pitot tube, cu ft per sc:c , Cb • • 

Velocity head of dihcharge, Venturi meter, inches W'ater, Atj 
8. Discharge by Venturi meter, cu ft tier sii., Qi 
Q Dischaige velocity by anemometer, ft. per sec 

10. Discharge by anemometer, cu. ft per sec , 

11. Intake velocity by anemometer, ft per sec . r«, 

12 Intake by anemometer, cu ft per sec , (>aj 

1,5 Average discharge, cu. ft i>cr sec.. (? 

14 Equivalent discharge, under standaid conditions, cu. ft 

per sec , O' . . 

15- Weight dischargefl, lbs per sec , IF . 

16. Air horse power, based on average discharge. 

i7» Applied horse power, A H.P . ... 

18. Manometrk cfliciency. 

19. Fan efficiency. 


30. Ratio discharge to intake, by anemometer, 
3J. Slip and leakage, by anemometer, per cent. 


0-1 










CHAPTER XXIV. 


MECHANICAL REFRIGERATION. 

425. Theory of Mechanical Refrigeration. — The statement is 
often made that the refrigerating machine is a heat engine run 
backward. As a matter of fact, a refrigerating plant using a 
liquid refrigerant bears a much closer analogy to the steam boiler. 
The boiling temperature of a liquid depends upon the pressure 
upon the liquid. The lemi)cra(urc of the liquid cannot be raised 



beyond this point as long as any liquid remains, except by raising 
the pressure. Likewise, a reduction of the pressure upon a boiling 
liquid means a lowering of the boiling point, the difference in the 
heats of the liquid between the two boiling points serving to vapor¬ 
ize a part of the liquid. Suppose that a liquid, with a boiling 
temperature at atmospheric pressure considerably below average 
room temperature, be confined in the vessel A, Fig. 583. Suppose 
next that the liquid is kept at room temperature, so that the vapor 
pressure exerted by it will be higher than atmospheric. If this 
liquid is drawn off through pipe P and allowed to expand to atmos- 
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pheric pressure through a suitable valve B, its temperature will 
drop, owing to partial or complete vaporization, and if allowed to 
circulate through coil C, the space in which coil C is placed will 
be cooled. This will supply a further stock of heat for vaporizing 
the remainder of the liquid. Theoretically, therefore, we need 
nothing more than a constant supply of a jiroper liquid (refriger¬ 
ant), under a pressure higher than atmospheric, to produce a cooling 
effect. 

There are two practical objections to this simple type of plant: 
first, the refrigerant u.sed may, in the case of ammonia and sulphur 
dioxide, after vaporization be dangerous to health; and, second, the 



Fill. 584. — DUURAM t»F SlMlME VapUB COMPRESSION 
REFRlCr.KATl.NO MaiHINE. 

process is uneconomical. There arc then two things to be done: the 
vaporized refrigerant must be prevented from escaping, and it 
must be brought back to its initial condition and returned to the 
vessel A. One method of doing this is shown in Fig. 584. The 
vapor is drawn into the compressor E, where its pressure is raised. 
It is then discharged into the condenser C, in which it is liquefied at 
constant pressure. From here it is then returned to the receiver A 
and used over again. 
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In its simplest fom, then, a refrigerating system using a vapor 
may consist of a compressor E, pumping the vapor out of the low- 
pressure side BCD of the installation, a condenser G in which the 
high-pressure vapor is liquefied, being stored in receiver A. That 
part of the system including E, G, H, A, P, and B is known as the 
high-pressure side of the installation. 

If a gaseous instead of a liquid refrigerant is used, the cycle of 
operations is similar, but there are two changes. In the first place, 
the condenser G merely cools the gas but does not condense it to 
the liquid state. In the second, if the high-pressure gas were 
simply allowed to expand through an ordinary exj)ansion cock or 
nozzle B, the cooling effect would be inappreciable, because no 
work is done. For that reason this part of the system is rejffaccd 
by an expansion cylinder in which the high-pressure gas expands 
behind a piston, doing wwk. This work may, of cour.sc, be used to 
help operate the compressor. 

426. Refrigerating Agents. — A good refrigerating medium 
should have low boiling point at ordinarj^ pressures, large latent 
heat of vaporization, and small spodfic volume. The first is de¬ 
sirable because it makes operation possible without the use of 
very liigh pressures in any part of the system, thus allowing the 
use of lighter machines, with smaller loss by leakage, etc. The 
latent heat of vaporization is in a sense a direct measure of the 
cooling effect; the greater the heat of vaporization, the better the 
agent. In this respect water is best, but on account of its very 
high specific volume it is not used. The specific volume of the 
agent controls the cylinder volume of the compressor por imit of 
refrigeration, — in other words, controls the size of the machine. 

The agents that have been used or proposed are: water, air, am¬ 
monia (NHs), carbonic acid (C()»), sulphurous add (SO2), sulphuric 
ether, ethyl and methyl chloride, Pictet fluid, etc. Of these only 
air, NH3, CO2, and SOj are of any commercial importance. Pictet 
fluid is a combination of SO2 and CO2. It is seldom used. The 
table, p. 995, gives the main characteristics of NHg, CO2, and SOi. 

Various authorities give figures that are somewhat at variance 
with the %ures of the table, particularly with reference to sp)ecific 
heats. 
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Press, in 
Lbs. per 
Sq, In. at 

0" r. 

Vol. in Cu. 
Ft ()cr Lb. 
at 0* F. ! 

Latent 

Heat. 

r 

Specific 
Heat of the 
Liquid. 

1 

1 Specific 
Heat of the 

Vaptir. 

1 

Boiling 
Point * F. 
at Atmoft. 
Press. 

1 Relative 
Vol. of 
Onqnressor 
for Equal 
Refrigera¬ 
tion Effect 

NEj . 

30 0 

9 00 

SS6 0 

I 05 * 

■S 3 

-28 s 

23-3 

C02.... 

310.0 

2 Q 4 1 

X17 8 

■S 4 

.217 I 

— 140 0 

3<2 

S02, 

3 

7.20 j 

170.6 

. :!Ll 

■ISS 1 

4-15 0 

61.7 


* jn Vol X, Trans. A. S M. E., gives for NH5. 

t -40® Cjj 1.091 

— 4* I “* I 

*» 4 46 • » 1 056 

a» +ZOO o *“ o 976 

In comparing these three agents, two sides of the question 
should be taken into consideration. From the practical standpoint, 
assuming that the limits of operation are not below —5° F., nor 
higher than 85°, it will be found (see tables in the Appendix) that 
the absolute operating pressures are; for NH3, from 27 to 175 lbs.; 
for CC)2, from 290 to looo; and for S()2, from 9 to 65 lbs. These 
pressures arc ordinary for both NH3 and SC)2. but high for CO2. 
The lower pressure for SO2 is below the atmosphere and any inleak¬ 
age of air may cause serious corrosion of metal by the formation 
of sulphuric acid. The pressures for CO2 arc so high as to cause 
trouble in keeping tight joints, although any leakage does no 
harm except for the loss of refrigerating agent. The high pressures 
necessary and the small specific volume make a very compact 
machine (see the last column in the above table), and this, com¬ 
bined with the fact that any leakage causes no discomfort what¬ 
ever, makes CO2 a favorite agent for use on shipboard. As between 
NHa and SO2, the much greater latent heat of vaporization gener¬ 
ally decides in favor of NHs, in spite of the lower operating pres¬ 
sures for SO2. Ammonia has the practical disadvantage that it 
corrodes brass, or any other copper alloy, very readily, and only 
iron can be used in the construction of those parts of the machine 
with which the agent comes in contact. 

From the standpoint of thermal efficiency, there are again cer¬ 
tain differences between the three agents. If the Carnot cycle 
is considered the standard of efficiency for the refrigerating proc- 



rature Fahrenheit 
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Fss. 585. 
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ess, the liquid used would be a matter of indifference, because 
the efficiency of this cycle depends only upon the temperature 
limits. The real cycle is, however, different from the Carnot, 
and there is a certain loss connected with this modification. 
It can be shown * that the loss is least for NH3 and greatest 
for CO2, and this is, of course, another factor operating in favor 
of NH3. 

Tables 7, 8, and 9, in the Appendix give the thermal proper¬ 
ties for NHs, SO2, and CO2 respectively. They are similar to the 
steam table, and the columns need no further explanation. The 
NHs table is usually given on the basis of temperature, but has 
in this case l)ecn recomputed to tlie pressure basis, following steam- 
table practice. The SO2 and CO2 tables have been left in the com¬ 
mon forms, as these two agents are little used in this country. 

Fig. 585 gives the entropy diagram for NH) the meaning of 
which should be clear from its analogy to the steam entropy 
diagram, Chap. XL 

The only gaseous refrigerant that has been used is air. Its low 
heat capacity and the fact that there is no change of state during 
the process require a much larger plant than does a liquid refrig¬ 
erant for the same capacity, increasing the cost of operation. 
This is offset by the fact that air is cheap and has no dangerous or 
offensive properties. It has been used on shipboard on the latter 
account. 

427. Classification of Refrigerating Machines. — The following 
scheme shows at a glance the various classes of refrigerating 
machines now in use. 


I. Machines using air. 


" I. Machines in which the air is used over and over 
again without coming actually in contact with 
substance to be cooled, callea the closed-cycle 
-< macliine. 

2. Those m which the cold air is circulated through 
the rooms to be c(x)lcd, called the open-cycle 
^ machine. 


r I. 

II. Machines using an agent 
that is alternately con- •< 
densed and vaporized. 2. 


Machines which use heat directly to produce 
cold. Al^sorption machines and vacuum ma¬ 
chines. 

Those which produce cold by the expend!tuw of 
mechanical energy. Compression machines. 


* See Kwing, The Mechanical Production of Cold, p. 66. 
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428. Air Machines. — The principle upon which these machines 
operate is very simple. In Fig. 586, if air at 60° F. and atmospheric 
pressure is taken into the compressor .4 and compressed adiabatically 
to 60 lbs. per square inch, the temperature will be raised to 320° F. 
This air is then transferred to the water-cooled condenser C, cooled 
to 60'^ F., and is then allowed to do work in the expansion cylin¬ 
der B, expanding to atmospheric pressure. In going through this 



Fio. 586. — Diagram of Refrigerating Machine using .\ir, Closed Cycle. 


cycle, the theoretical end temperature should be — 113° F. Prac¬ 
tical losses of course modify this theoretical result. The expan¬ 
sion cylinder B is connected to the same shaft as the compressor 
cylinder A, so that the work of expansion is utilized to help com¬ 
press the air. The deficiency produced by friction and leakage 
losses is made up by some source of power D. If the air, after 
expanding in B, is next circulated through a system of cooling 
pipes, in which case expansion in B need not be down to atmos¬ 
phere, we have Class i of air machines,— the closed-cycle machine. 
The air, after doing its work, forms the suction supply for com¬ 
pressor A. In the open-cycle machine, the cold air is forced 
directly into the rooms to be cooled and is continuously displaced 
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by a new supply. The latter type of machine is to-day more 
used than the closed-cycle machine. 

Cold-air machines have the advantage of great simplicity, and, 
neglecting efficiency, are satisfactory for small capacities. For 
large capacities, the capital cost of the installation makes the 
operation no longer profitable in competition with other machines. 
The difficulty of moisture freezing in the expansion cylinder and 
choking up ports and valves can be overcome by the interposition 
of a drier between the cooler and the expansion cylinder, so that 
smooth operation is possible. The efficiency of operation is low as 
compared with other mac h i n es. 

429. The Absorption System. — This will be described with 
ammonia as the refrigerating agent. An absorption plant consists 
of the following essential parts: the generator, the condenser, the 
refrigerator, the absorber, the interchanger, exchanger, or econo¬ 
mizer, the rectifier, and the analyzer. The interrelation of all 
these parts is shown in the conventional sketch, Fig. 587. The 
operation of the plant depends upon the fact that water will absorb 
NHs gas, the quantity depending upon pressure and temperature 
conditions. Table 10, Appendix, gives some figures for the ab¬ 
sorbing power of water for NHs, from which it will be seen that 
at any one temperature the absorbing power increases with the 
pressure, while at any one pressure the absorbing power decreases 
as the temperature increases. The latter fact is made use of in 
the absorption machine to obtain NH3 vapor under pressure, and 
the reverse of this action is used to make the vapor combine again 
with water after it has done its work. 

To explain the operation from the sketch of Fig. 587, the genera¬ 
tor contains a quantity of water holding a large quantity of NH3 
gas in solution (strong liquor). The temperature of this liquor is 
raised by admitting steam to the heating coils shown, the conden¬ 
sate being removed by trap or other means. The heating starts 
to drive the NHs gas out of the liquor, but, since the system is a 
closed one, the vapor pressure above the liquor will also be raised 
until equilibrium is established, depending upon temperature, pres¬ 
sure, and initial strength of liquor. The NHj gas liberated, which 
carries with it a certain small quantity of water vapor, rises and 
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passes through a vessel called the analyzer. Here it meets with a 
descending rain of comparatively cool, strong liquor, which is on 
its way to the generator. Fine subdivision is produced by having 
the incoming strong liquor run down over a number of perforated 


CooUnifr "Wat^r 



Fig. 587. — Parts or an Ammonia Absorption System 


trays. The result is that the descending liquor takes a certain 
quantity of heat from the ascending NH3 gas. This is desirable, 
because the liquor must be heated in the generator, and the gas 
must be cooled before it can be used. Hence the analyzer acts as 
an economizer. The wet gas rising through the analyzer next 
passes into a rectifier, which is practically a condenser cooled by 
water circulation. Here the gas is cooled, not enough to liquefy, 
but sufficient to condense the water vapor carried by it, which is 
returned to the analyzer by a drip pipe. The NH3, therefore, 
leaves the rectifier in a dry state. The gas is next passed into 
a water-cooled condenser, where liquefaction is produced by the 
cooling. The liquid NH3 is stored in the receiver and is from here 
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passed through a control or expansion valve into the cooler. A 
brine cooler is here indicated. The liquid NHj partially gasifies 
on passing the valve, the rest of the gasification being finished in 
the brine cooler. The NH3 gas leaving the cooler then passes 
into the absorber, in which it meets and is mixed with cold, weak 
liquor, l)y which it is absorbed. This produces strong liquor, which 
is forced by the pump through the exchanger into the analyzer, 
and so into Hie generator. This closes the cycle. 

In the generator, weak liquor works toward the bottom on 
account of its greater specific gravity. It is passed through coils 
in the exchanger, in which it is cooled by contact with the cold, 
strong liquor on its way to the analyzer. This again is a desirable 
heat interchange, because the strong liquor must be heated in the 
generator and the weak liquor, which is hot coming from the 
generator, must be cooled before entering the absorber. The ex¬ 
changer, like the analyzer, is therefore simply an economizer. The 
cooling of the wi'ak liquor is generally completed in a separate 
cooler between the exchanger and absorber. 

It must have been noticed that all possible precautions have 
been taken in this system to economize heat. The same may lie 
said with regard to the consumjition of cooling water. This does 
service first in the condenser and then cools in order the absorber, 
the weak-liquor cooler, and the rectifier. 

That part of the plant including the generator, the analyzer, 
the rectifier, the condenser, the receiver, and the piping from one 
side of the liquor pump to the generator and from the receiver 
to the control valve, is the high-pressure side of the plant. The 
low-pressure side includes the brine cooler, from the expansion or 
control valve, the absorber, and the piping up to the pump. 

Fig. 588 gives a better idea of the actual relative size and con¬ 
struction of the various parts of an absorption plant. In this 
installation the rectifier is combined with the condenser, being 
located above it. 

430. The Vacuum Process. — This process employs water as the 
refrigerating agent. It is one type of absorption process. The 
principle of operation is quite simple. 

In Fig. 589, let the water to be cooled or frozen be placed in the 
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Fig. 588.— Ammonia As^itpnoN PlaitEi 
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vessel B, and let this vessel be connected to a vacuum pump A, 
by means of which the pressure above the water is lowered to 
below the vapor pressure. The water then begins to boil, taking 
its heat of vaporization from the water itself and lowering the tem¬ 
perature. The water vapor fills the space E over the water and 
the space Z> m an absorber, which is filled with strong sulphuric 
acid. Arrangements are made to promote thorough mixing be¬ 
tween the vapKjr and the acid to cause rapid absorption. The 
pump A handles practically no vapor and serves merely to main- 



I'lG. 589. — Principle or Vacuum Process. 


tain a high vacuum. The cold water is either circulated through 
rooms to be cooled, or the operation'may be carried on until the 
water freezes. The ice made is rather “ mushy ” and must be 
compressed. 

The rest of a commercial vacuum plant consists of arrangements 
for continuous concentration of the acid, which of course is con¬ 
stantly diluted in the absorber during the operation of the plant. 

The efficiency of the vacuum process is probably as high as that 
of any of the other methods discussed, but in practice it is found 
that the strongly corrosive action of the acid fumes makes it hard 
to keep the system tight, which is of course a necessity on account 
of the high vacuum that must be maintained for best efficiency. 

431. The Vapor-compression System. — The principle of opera¬ 
tion of this system has already been outlined in Art. 425 and Fig. 
584. Except for the difference introduced in operating pressures, 
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temperatures, compressor sizes, etc , pointed out in Art. 426, vapor- 
compression machines are very similar whether they employ CO2, 
SO2, or NHj. Since the first two agents are not used in this country 
to any extent, the discussion will be confined to the ammonia 
machine. 

A common arrangement of compression plant is shown in Fig. 
590.* The compressor used is of the double-acting steam-driven 



horizontal type. The main discharge line from the compressor, 
carrying the hot high-pressure gas, is connected to a so-called 
pressure tank, entering at the side. This gives the gas a rotary 
motion which serves to remove by centrifugal force any oil coming 
over from the compressor. Some type of oil separator is a neces¬ 
sity to prevent the coating by oil of the condenser coils, which 
would seriously decrease the efficiency of heat transfer. The gas 
then passes through the hot-gas line, which makes a loop, and 
enters a header connected with the bottom coils of the condenser. 
The purpose of the loop is to prevent liquid NHa from running 
\ dbwn into the pressure tank if the compr^sor should be shut 
• Reproduced from as article by F. E. Matthews in Power, Sept. 29,191a 
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down. The type of condenser here used is the atmospheric, the 
hot gas passing from the bottom coils toward the top, while water 
is trickled down from above over the outside of the coils. As the 
NHs gas liquefies, it is carried out of the coils by smaller drip pipes 
connected to a conunon liquid header. The pipe from this header 
should rise in a small loop, to keep the header always full of liquid 
and to prevent gas from entering the liquid line. The liquid line 
leads down to the liquid tank. If gas should come down this 
line, it may be led back to the condenser by means of the equalizer 
line shown. From the liquid tank or receiver the liquid NH3 
next flows to the expansion valve. This in most cases is nothing 
but a valve, the opening of which can be readily controlled to any 
desired size. The pressure on the liquid, in passing this valve, is 
suddenly reduced from 150-200 lbs. to say 20 lbs. per square inch. 
This of course causes immediately a partial vaporization, but, since 
it takes time to supply to each pound of liquid NH3 the total latent 
heat of vaporization required (about 550 B.t.u. in the ordinary 
case), the vaporization is by no means instantaneously completed, 
as is often supposed. The vaporization is completed in the expan¬ 
sion coils, the heat in this case coming from a room to be cooled. 
The vapor is returned through a return valve and through the 
suction line to the compressor, passing on its way a scale trap in¬ 
tended to prevent any scale forming in the pipe system from being 
carried over into the compressor. Between the liquid receiver 
and the expansion valve there is usually placed a side branch 
supplied with a valve. This serves as a charging connection, the 
ammonia drum containing liquid NHs being connected at this 
point and as much ammonia being allowed to flow into the line as 
the system requires, as shown by control gauges on the gauge 
board. There is a small pipe line running from the liquid receiver 
to the suction side of the compressor (in the figure called “Expan¬ 
sion Line to the Compressor”). This line is furnished with an 
expansion valve through which cold gas may be supplied to pre¬ 
vent undue heating of compressor on starting or when the return 
gas is not cold enough for satisfactory operation. The compressor 
is also often furnished with by-passes and pump-out lines, by means 
of which the compressor may reverse its operation, taking NH* 
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from the condenser and forcing it into the expansion coils, for the 
purpose of pumping out parts of the system when repairs become 
necessary. 

Commercial plants show numerous modifications in construc¬ 
tion, but not in principle, from the features above described. 

Compressors are built single- or double-acttng, horizontal and ver¬ 
tical. A favorite combination is a pair of single-acting vertical 



Fig sqi —Vapor Compression Refkigerating Mac HiNt 


compressor cylinders operated by a horizontal Corliss engine con¬ 
nected to the same shaft, as in Fig. jpi. The tendency to-day is 
toward single-acting compressors with the suction valve located 
in the piston and with poppet-lift discharge valves in the head. 
Some builders construct the head so that it may be bodily lifted 
by the piston against the resistance of springs (see Fig. 592). In 
single-acting compressors, the suction end of the cylinder is alwai^ 
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under suction pressure only. The stuffing box, through which the 
piston rod passes, is therefore called upon to hold tight only against 
this pressure, and leakage at this point is materially reduced. 
One of the most important features of compressor-cylinder design 
is the attainment of the smallest possible clearance, to decrease 
the amount of gas remaining at the end of the stroke. If this 
matter is not taken care of, there will be a large amount of re- 
ex]:>ansion with consequent loss 
of compressor capacity (low 
volumetric efficiency). 

Condensers may be of three 
types: the submerged coil, the at¬ 
mospheric, and the double or 
concentric. In the first the or¬ 
dinary coil is placed in a tank 
of water, the water being con¬ 
tinuously circulated. Where 
water is expensive, the atmos¬ 
pheric type or the concentric 
type is used. The former of 
these is shown in Fig 590. In 
this condenser the use of the 
counter-current principle, in con¬ 
nection with the fact that a 
considerable part of the finely 
divided water is e\ aporated (the 
heat for the latter process com¬ 
ing from the NH3), makes this 
type more efficient than the sub¬ 
merged coil type. The most efficient type is probably the double 
or concentric condenser. In this condenser each pipe element con¬ 
sists of an outer and an inner tube. The cooling water is circulated 
through the inner tube, while the NH3 fills the annular space. 
Thus cooling is done both by water on the inner surface and by 
air surrounding the outer pipe. 

The cooling system may be the direct or the indirect or brine system. 
The former is shown in Fig. 590, the cold gas being circulated 



Fig. 592. — Cyiindlr or Compression 
Rlfrigeraiino Machine, Showing 
ON h Methop of Eliminating 

ClLARANC I. 



ioo8 


EXPERIMENTAL ENGINEERING 


through pipes in the room to be used. If, however, an ammonia 
leak would do damage in the cold-storage room, the indirect system 
is used, in which some other liquid, usually brine on account of its 
low freezing point, is cooled by the ammonia and circulated for 
cooling purposes instead of the ammonia. One type of brine 
cooler is the submerged coil cooler, where the ammonia-expansion 
coils are immersed in a brine tank, the cold brine being pumped 
from the bottom, circulated, and returned warm at the top. The 
concentric pipe cooler is rather more convenient, however, and 
is vciy' largely used. The brine flows in the inside pipe, while the 
expanding ammonia is in the outer one. 1'he principle of counter- 
current flow is used in the concentric pipe to get the maximum 
possible heat exchange. 

432. Ice Making. — There are three systems of ice making in 
use: the can, the plate, and the cell system. Only the first two, 
however, are of any importance in this country. In the can system, 
tapered galvanized-iron cans of the size of ice cake desired are 
filled with water and placed in a brine tank through which pass 
the pipes circulating the cold brine from the cooler. The tem¬ 
perature of the brine in the tank is usually kept at about 14° F. 
The time required for freezing depends of course upon the size of 
the cake, a can 8" X 8" X 31^' requiring about 20 hours’ immer¬ 
sion, forming 50 lbs. of ice, w'hilc one 11" X 22" X 44" requires 
about 60 hours, the ice weighing about 400 lbs. After the water 
is frozen, the cans are hoisted out of the tank, and the ice is loos¬ 
ened by steam. The economy of this system depends of course 
upon conditions of operation and grade of machinery used. With 
a head pressure of 190 lbs., a suction pressure of 15 lbs., and con¬ 
densing water at 70°, Professor Denton estimates that the average- 
economy figures should be about 6 lbs. of ice per pound of coal used. 

In the plate system, plates through which the freezing solution 
circulates are immersed in a tank of water. The water next to 
the surface of the plate freezes, and the thickness of the ice in¬ 
creases with time. After the desired thickness is reached the 
plate, with the ice attached, is lifted out of the tank, the ice being 
thawed off by passing hot gas or brine through the plate coils. 
It is not common to place the plates so close together that the ice 
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fonned on the adjacent plates will meet, as the core so formed is 
usually ice of poor quality. Good practice in the use of the plate 
system should show an economy of from 10 to 12 lbs. of ice per 
pound of coal. 

The cell system is a modification of the plate system. The 
water is placed in cells constructed of hollow walls through which 
the freezing solution is circulated. This system is not in use in 
tliis country. 

As far as the quality of the water required for ice making is 
concerned, it is necessary, unless distilled water is used, to agitate 
the water during freezing to free it from air, if clear ice is desired. 
In any case, of course the water should be as pure as possible, and 
hence the extended use of distilled water. The preference shown 
for clear ice is largely sentimental; for the opaque ice, which results 
if the water is neither agitated nor distilled, is fully as satisfactory 
for most ordinary cooling purposes as clear ice, provided the water 
is pure, and is certainly cheaper to make. 

433. Properties of Brine Used for Cooling. — Two kinds of brine 
are in use, — calcium-chloride and sodium-chloride brine. The 
addition of either chemical to water lowers the freezing point of 
the latter. Naturally the brine is made of such strength that its 
freezing point is somewhat below the lowest temperatures of opera¬ 
tion. 'I'he brine tables in the Appendix* show that for the 
same strength of brine, as measured by the per cent by weight of 
the chemical contained in the water, CaCb brine shows a much 
lower freezing point than NaCl brine. It is therefore easier to 
obtain a low freezing point brine by the use of CaCh. Sodium 
brine, if very strong, shows a tendency to deposit salt in the coils, 
which may seriously interfere with operation. It also strongly 
rusts any iron parts with wliich it comes in contact, a disadvantage 
not possessed by calcium brine. The specific heat of calcium 
brine is higher than that of sodium brine of the same strength, 
which is another advantage, as less of the brine needs to be circu¬ 
lated. Thus, although calcium brine costs somewhat more than 
sodium brine, the former is generally used and preferred. A 20 
per cent solution is commonly employed. 

* Taken from H. Williams' ‘‘Mechanical Refrigeration." 



1010 


EXPERIMENTAL ENGINEERING 


The strength of brine is best expressed on the ordinary specific- 
gravity scale, using a hydrometer. In practice, an instrument 
called a salomekr or salinomcter is often employed for measuring 
strength. This instrument reads o in clear water and the strength 
of brine is indicated by a reading in degrees between o and loo. 
Il, is stated by some authorities that the ioo° mark corresponds 
to the saturated solution, but existing brine tables do not quite 
agree on this; hence the statement above, — to use specific gravity 
to avoid errors. 

434. Insulation. — With the extended application of cold-storage 
work, the proper insulation of cooling rooms has become one of 
the most important questions of refrigeration practice. It must 
be evident that, once products have been cooled to the tempera¬ 
ture desired, it is merely necessary to supply enough refrigeration 
to make up the heat gain from without to maintain that tempera¬ 
ture. The heat gain is less, the greater the efficiency of the insu¬ 
lating material. 

The materials used are hair felt, mineral wool, different varieties 
of cork products, rock wool, wood shavings, etc., used in combina¬ 
tion with wood, cement, masonry, and air spaces. Dead air is a 
good nonconductor, but a simple air space, unless of exactly the 
proper width, may have set up in it down-currents on the cold 
surface and up-currents on the outside warm surface, favoring 
convection. It is therefore the common practice to break up the 
air space by filling it with some porous material, to form an in¬ 
finite number of small dead-air spaces, effectually preventing the 
setting up of any air circulation. Too small air spaces, resulting 
from material too tightly packed, may, however, again favor the 
conduction of heat across. Insulating material should be mois¬ 
ture-proof, if possible, and at least slow-burning. For the method 
of constructing nonconductive walls, see any good book on Re¬ 
frigeration.* 

If a block of any material is exposed to a certain temperature 

* Lorenz-Pope-Haven-Dean, Modem Refrigerating Machinery, gives a niunber 
of examples. A good discussion is contained also in ‘‘ Refrigeration, Cold Storage, 
and Ice Making/’ by Wallis-Taylor. See also Grbttsche, Die Kkltemaschinen und 
ihre Anlagen. 



MECHANICAL REFRIGERATION 


lOII 


on one side and to another lower temperature on the other side, 
there will be a transfer of heat from the former to the latter side, 
which transfer is a function of the temperature difference of the 
kind of material and of the thickness used. The number of heat 
units that will be so transferred per degree difference of tempera¬ 
ture per hour and for i in. in thickness is called the coefficient of 
the material. It should be noted that this heat loss is also largely 
a function of the velocity of air on both faces of the material. 
The constants given in the following table for some of the well- 
known material holds for still air only. They increase if there are 
air currents over either face. 


COEFFICIENT OF HEAT TRANSMIS.SION 
I Sq. I’T , i" 'rHicKNLSs,, 1“ F. l)iFFEKi.NC'r OF Temi> , 1 HouR. 


Material 

Coeffiticnl ^ 
Btu 

MateriAl i 

Coefficient 
B t u 

Air, still 

30 

Cork>.. 

I a I 8 

Asbestos 1 

I 20 

Paper 

28 

Cotton 

28 

Sand . 

2 1-3 0 

Glass 

3 S-5 2 

Shavings 

• 45 - bs 

Hair felt 

5o~2 1 

Mineral wool 

5 7 

Wood, average 

, 1 10 

Massonr>, brick ... 

S 0 

Wood ashes 

4 > 

Masonry, stone 

3 5 

Kieselgur (infusorial earth) 
Coke, pulverized 

[ >>0 

I 20 

Coal ashes 

7 


There arc several methods of testing insulation. One of the 
most common is to erect a length of steam inping on a slight slant 
and to furnish to the higher end of the pipe steam under any given 
pressure and quality. At the lower end a collector for the con¬ 
densed steam is arranged. This may be simply constructed of a 
vertical length of pipe furnished with a gauge glass and fittings 
at the side. The steam condensing flows into the collector by 
gravity and is drawn off and weighed from time to time, a nearly 
constant level being maintained in the collector. Since the con¬ 
densate drawn off is under the pressure of the steam, and would 
consequently largely flash into steam if this pressure is suddenly 
released, it is necessary to draw off into cold water. The quantity 
of heat radiated from the pipe in a given time is then computed 
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from the weight of the condensate in the same time multiplied by 
the quality of the steam and by the heat of vaporization of the 
steam for the given pressure. The other important item in this test 
is the temperature difference. This should strictly be taken as the 
difference between the temperatures of the inner and the outer 
wall skin and not of the usually gaseous media adjacent to these 
walls. In this case the temperature of the steam under the given 
pressure may be fairly taken as the temperature of the inner wall. 
To get that of the outer wall would require the use of a resistance 
thermometer. Instead of this, the common practice is to suspend 
thermometers at several points in the air close to the pipe but not 
in contact, and to assume the temperature difference equal to the 
steam temperature minus the average air temperature so found. 

The common practice is to first test the pipe bare and then 
again when covered with the insulation to be tested. In each 
case the quantity of heat transmitted per square foot of pipe sur¬ 
face per degree difference of temperature j)cr hour is computed. 
If represents this quantity for the bare pipe and Qc the quan¬ 
tity for the covered pipe, then the efficiency of the insulation is 

Qi> 

Note that is not the coeffident spoken of above, because the 
definition of this coefficient requires that the insulation be i in. 
thick. It should be stated that it will not do to divide by the 
thickness of the insulation to obtain the coeffident, for the reason 
that the efficiency of insulation does not vary directly with the 
thickness. 

Referring more specifically to the kind of insulation used to 
protect cooling compartments, another method of testing would 
be to determine the electrical energy input to keep a compartment 
at a certain temperature with a given temperature outside of the 
compartment. Depending ujx)n circumstances, a number of other 
methods will suggest themselves. 

435. The Ideal Vapor-compression Refrigerating Cycle. — The 

ideal cycle for a vapor-compression machine is the Carnot. Start¬ 
ing with the liquid NHs and leaving the condenser at an absolute 
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temperatxire Ti, we locate point A on the liquid line of the entropy 
diagram, Fig. 593. This liquid next enters the expansion cylinder, 
vaporization taking place in this cylinder until the lower absolute 
temperature Ti Ls reached, locating point B. The vaporization is 
only in part completed, the quality of the mixture after leaving 

the expansion cylinder being represented by the ratio 

[)orization is continued in the refrigerator (really the heater as 



, u « 

9 

Fig. 59,3. — \ CoMPRLSSlON Riikrigerating C\cle. 


far as the refrigerating agent is concerned). At the end of the 
refrigerator action and by the time the compressor is reached, the 
vapor may be wet saturated, as indicated by any point between 
B and C, dry saturated at C, or superheated as indicated at C”. 
What the end condition of the vapor is depends largely upon the 
amount of refrigerating medium in circulation. At C' the quality 
is such that the ensuing adiabatic compression CD' (wet compres¬ 
sion) to the temperature Ti just renders the vapor saturated. 
This is indicated by D'. After compression the hot high-pressure 
vapor is then sent to the condenser, in which it is assumed that 
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heat is abstracted to the extent that liquefaction is just completed. 
This process is indicated by line D'A, which completes the cycle. 

If the refrigerator action is stopped so that the vapor quality is 

even less than -^777, the complete ideal cycle, if carried out as 

before, will be represented by the area ABC'"D"'A. If vapor¬ 
ization is continued to dryness at C, the ensuing adiabatic com¬ 
pression will superheat the vapor, the proce.ss being shown by 
line CD (dry compression). The superheated vapor is then cooled 
in the condenser, fir.st at constant pressure along DD', and then 
liquefied along D'A. Finally, if the action of the refrigerator is 
such as to superheat the vapor at the inlet to the compressor, the 
compression will proceed along a line C"D”, and the complete 
ideal cycle is the area ABCC"D’'D'A.* 

436. The Ideal Coefficient of Performance. — It will be noted 
by inspection that the ideal cycle outlined in the previous article 
is an ideal heat-engine cycle (Carnot) reversed. In the heat-engine 
cycle, a certain quantity of heat ^1. represented by the rectangle 
AG in Fig. 593, is taken in along the line AD'. A certain other 
quantity of heat Q^, represented by the rectangle BG, is discharged 
along the line C'B. The external work IF done is represented by 
the rectangle AC', and we have of course 


W^Q,-Q,. (i) 

The same reasoning may also be applied to the other cases indi¬ 
cated in Fig. 593. 

In the refrigerating cycle, we remove from the body to be ccxiled 
the heat Q3, equivalent to rectangle BG-, in the compressor we do 
a certain amount of work W, equivalent to rectangle AC', and 
discharge a certain amount of heat ()i, equivalent to rectangle AG, 
into the condenser. 

If we define efficiency as the ratio of the useful effect of an opera¬ 
tion to the effort or energy ex{)ended to gain this effect, we evi¬ 
dently will have for the heat engine 

E,.a_zia«ZWi, 

Qi Qi Tr 


Efficiency 


( 2 ) 


ABCM)*A and ABCC^B'^iyA are not Carnot cycles. 
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and for the refrigerating machine 

Effidmcy -1 - ( 3 ) 

The latter expression is nearly always greater than unity, and 
can in a certain sense only be looked upon as an “ efficiency.” 
What the factor really expresses is the number of times the heat 
W expended in compressor work is regained in cooling effect, and 
the term ideal coefficient of performance" instead of “efficiency” 

is therefore commonly used for the ratio 

The last form of the expression for the ideal coefficient of per¬ 
formance in Eq. 3 will serve to point out one or two important 
facts with reference to efficiency of operation. T% is the tempera¬ 
ture of the cooler, while If is that of the condenser. By inspec¬ 
tion of the expression we note the following: (i) For any given 
Ti, the lower Ti the higher will be the coefficient of performance; 

(2) for any given T 1, the higher 
'ft the higher the coefficient; 

(3) in general, the nearer to¬ 

gether T\ and Ta, the better iso" 
the performance. The entropy T „„ 
diagram also .shows these facts 
very clearly. Thus in Fig. 594, 
let the condenser temperature 
be fixed at Tx — 460 -h 70 = ' pjg 

530° F. abs., and let the tem¬ 
perature of the cold body be in case (o) — 10° (= 450° abs.); case 
(&), 0° { — 460" abs.); and case (c), 20° (= 480° abs.). For the same 
amount of energy W expended (shaded areas equal), the heat (la 
removed is in case (a) equal to rectangle ^4 5 , in case {b) to rectangle 
A'B, and in case (c) to rectangle A''B. The ideal coefficients of 
performance are 5.6, 6.6, and 9.6 respectively. Or, conversely, for 
the same quantity of heat to be removed, it requires a greater 
expenditure of energy W to do this between — 10° and 70° than 
between 20“ and 70°, as will be clear from a study of an entropy 
diagram applying to the two cases. Finally, the ideal coefficient 
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of performance depends only upon absolute temperature and is 
therefore independent of the working medium used. 

437. The Actual Vapor-compression Refrigerating Cycle. —In an 
actual refrigerating machine the cycle of operation fails to meet 
the conditions of complete reversibility, as outlined in Art. 436, 
and for that reason the actual coefficient of performance is less 
than in the ideal case. To see the causes for this, it will be in¬ 
structive to follow the refrigerating medium around an actual 
cycle. The study is best made on the basis of entropy diagram, 
and, since in the majority of cases in actual operation the vapor 
is superheated at the suction valve to the compressor, this will be 
the only case considered in detail. 

Starting with the liquid in the condition defined by the point A 
on the entropy diagram, Fig, 595, this liquid is next allowed to pass 



Fio. 595. — Actual Vapoh C"oMPRi*,ssiaN Refrigerating Cyc'ee. 


through the expansion valve, which results in a lowering of pres¬ 
sure. We have in this process the fi.rst deviation from the ideal 
Cycle, since an ex^jansion valve is substituted for the expansion 
cylinder. The expansion is largely unresisted, the process is no 
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longer adiabatic, and is irreversible. The reduction of the pressure 
from that existing at A to that corresponding to the temperature 
T2 results in a partial vaporization of the liquid as it passes the 
valve. The problem is to locate the point B. If the temperature 
T2 is measured at a certain distance beyond the expansion valve, 
so that the kinetic energy changes that accompany the passing of 
the liquid through the valve have again disappeared, it may be 
fairly assumed, neglecting radiation, that the process up to this 
point is one of constant heat. This means that the area AF"F'B'A 
is equal to the area B'BFF'B', which at once locates the point B, 
since the first area and the distance B'F' are known. Mathemati¬ 
cally, the problem may also be solved as follows: The total heat 
content in the vapor at A is assumed the same as the total heat 
content at B. Hence 


+ 9 a = + 9 a- 


(4) 


But at yl, * = o, therefore, solving for the quality of the mixture 
at B, 


Xn = 


9 a ~ 9 fl 


is) 


Xg is the ratio in the diagram. The rest of the vaporization 
o C 

is carried on in the ccxiler as before, except that there is some loss 
of effective cooling due to the heat influx in the pijnng leading to 
and from the cooler. It is assumed that the v'apor is superheated 
to C", as determined by a thermometer in the suction inlet to the 
compressor. 

For the fixing of point C" we have the following data: Entropy 
at point C can be found directly from the NHj vapor table accord¬ 
ing to the pressure, or temperature T^. The temperature at C" 
is found directly by thermometer in the suction pipe just ahead 
of the compressor; call it Ts. The added entropy due to super- 
T 

heat is then = C„log„-~. in which Cg is the mean specific heat 

of the superheated vapor between and T^. The uncertainty of 
the computations lies in the fact that very little is known about 
the value of C^. The data available all apparently apply to 
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atmospheric pressure. Landoldt and Bomstein give the following: 

Temp, range, deg. C. 23-100 27-200 

Cd .5202 .5356 

It is probable that Cd varies for NHs, with temperature and pres¬ 
sure, in a similar manner as for steam, but it is also probable that 
the changes are not as pronounced. At any rate, in the present 
state of our knowledge, the best that can be done is to assume C'd 
constant and equal to 0.53. 

In passing the inlet valve to the compressor there is a certain 
loss of pressure due to wire drawing. The extent of this can be 
found by comparing the suction pressures just ahead of the inlet 
valve with those on the compressor-indicator diagrams. Consid¬ 
ering this a constant-heat change, the process can be indicated on 
the entropy diagram by the line C''C"'. It should be understood 
that this change is so small ordinarily as to be negligible; it is 
much exaggerated in Fig. 595. 

To construct the compression line C"'D'" in the entropy dia¬ 
gram, it will be necessary to turn to the indicator card from the 
compressor. The method of computing temjjeratures along the 
compression line of the indicator card will be outlined in Art. 440. 
Assuming that for any given pressure the saturation temperature 
is r, and the temperature on the compression line is r„, the total 
entrc^ of the superheated vapor at the pressure chosen and the 
temperature will be 

T 

«t T. + Cd iogc (6) 

By aid of this equation a number of points may be located to 
determine line C"’D”’ in the entropy diagram. 

At D”', the vapor is next forced through the discharge valve, 
the action being accompanied by a pre.s.sure drop, which may be 
represented by the constant-heat change D"'D'\ In the con¬ 
denser side of the system, the vapor is next cooled at constant 
pressure along line D"D' to saturation at D'; the latent heat is 
removed along D'A. If the condenser action continues beyond 
that, supercooling the liquid, this action may be represented by a 
line AA'. In that case the action in the expansion valve will 
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first be to retrace line A'A, and the cycle then starts from A, as 
before. 

In the analysis above made, the actions along C'C" and along 
D"'D'' are much exaggerated. The compression line C"'D"' slopes 
generally to the left, as shown, on account of heat loss to the jacket 
of the compressor. The amount of the deviation from the adia¬ 
batic C"'D\ is of course a function of the effectiveness of cooling. 
It will in general be found that the points C" and D" are in a 
vertical line, or very nearly so, and that the area OD'"D" is so 
nearly equal to area OC"C" that the entire analysis may be short¬ 
ened by simply drawing in the line CD”. The effect of this 
simplification upon the area of the entropy diagram is generally 
negligible. 

The entropy anal>^is for the case of vapor wet at the suction 
valve is very difficult to carry out because of the practical impos¬ 
sibility of determining the quality of the vapor at that point. 

438. The Actual Coefficient of Performance and the Real Effi¬ 
ciency of the Actual Refrigeration Process. — The total refrig¬ 
eration effect shown by the entropy diagram. Fig. 595, assuming 
that an expansion cylinder is u.sed, is equivalent to the area 
B”CC”G”F”. In the real case, this effect is reduced by the fol¬ 
lowing items: 

(a) The loss due to the substitution of an expansion valve for 
the expansion cylinder. This is measured by the area B”BFF”. 

(b) The useless refrigeration in the piping leading from the 
expansion valve to the cooler. This may be represented by an 
area BB”'F'''F. In any practical case this can probably not be 
directly determined, for its effect would simply be to change the 
quality of the vapor, and we have no direct means of determining 
the latter. 

(c) The useless refrigeration in the piping leading from the 
cooler to the suction valve of the compressor. This may again be 
represented by an area HC"G”H', and is susceptible of direct 
measurement if the vapor leaves the cooler superheated. 

The net refrigeration shown by the diagram is then represented 
by the area B”'CHH'F'”B'”. Call this amount Qnet- The 
work W expended is in this case equal to the area ABCC'’D''iyA, 
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and, by definition, the coefficient of performance as per entropy 

diagram is then = %7- 
iV 

Now the quantity ^n«t is not the useful refrigerating effect. It 
would be if in the cooler all of the heat given to the NH* came 
from useful refrigeration. In practically every case, however, 
there are radiation and conduction of heat serving no useful pur¬ 
pose. Let the actual useful refrigeration be represented by Qi, 
and the heat added through radiation or conduction in the cooler 

by Q4, then Qnot = Qs-hQ4. (7^- 

Qs may be directly determined. In case brine is used, for instan-^*^^ 
Qg — GCp {ti — k) B.t.u., 

in which G = weight of brine in circulation per pound of NHs; i on 
Cp = mean specific heat of brine; ooj 

ti = temperature of brine entering cooler; k 

tg = temperature of brine leaving cooler. 

The compressor work W is the same as before, and the actual 
coefficient of performance is therefore The ratiomay be 

regarded as the efficiency of the cooler. 

In practice the actual coefficient of performance is computed 
from the useful refrigeration effect and the heat equivalent of tiie 
compressor work in a given time. 

If we define the real efficiency of the refrigeration process as the 
ratio of the actual useful refrigerating effect to that theoretically 
obtainable for any given work W in the compressor, we will have 
in this case 

Real effidency = ata R"CC"C'V'' 

In case the vapor is not superheated at any stage of the process, 

T 

the ideal coefficient of performance is ~—^, the refrigeration 

i 3 — i 2 

effect will be = W, and the 

T\ ^ 1 % 

Real efficiency = —. (lo) 

r,-Tj 
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439. Wet and Ihy Compression.— The meaning of these terms 
has already been outlined in Art. 435. As far as relative efficiency 
of the two systems of operation is concerned, this has to be consid¬ 
ered from a practical as well as theoretical standpoint. In theory, 
referring to Fig. 593, the work expended in wet compression is 
area ABC'D', the useful effect is area BC'GF. In the dry com¬ 
pression system, starting at C, the work done is ABCDD'A, the 
useful effect is BCG'F. The work area is increased by C'CDD', 
the useful effect by area C'CG'G. It will at once be seen that, for 
the two processes to have the same efficiency, it would have been 

ecessary to increase the work area in dry compression only by 
sie area D'C'CR. The extra area DD'R is therefore a measure 
the loss in the dry compression system as compared with the 
t. Even in theory this loss is, however, so small as to make no 
viixtical difference. It increases, of course, with the degree of 
^perheat in the vapor at the suction valve, while for any com¬ 
pression starting between C' and C the loss is less. 

In practice it is common in even the wet system to choose a 
point between C and C' so that the vapor is slightly suj>erheated 
at the end of compression. Any other condition at this point 
would seriously cut down the refrigeration effect. As far as the 
practical merits of the two systems of operation are concerned, 
there has been much controversy that cannot be entered into 
here. Ewing comes to 
the conclusion that, 
everything considered, 
there is little difference 
in the efficiency either 
on theoretical or on prac¬ 
tical grounds. 

440. The Compressor 
Indicator Diagram. Vol¬ 
umetric Efficiency.— 

The general shape of the 
compressor diagram is shown in Fig. 596. AB h the reexpan¬ 
sion line, if there is vapor left in the clearance spaces at the end 
of the compressor stroke. From J 3 to C the compressor draws 



Fig. 596. — Compressor Indicator Diagram, 
Retrigerating Machine. 
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vapor from the suction pipe. The suction pressure p, is less than 
the cooler pressure by the amount of wire drawing in the 
suction valve. Both on account of reexpansion and the heating of 
the incoming vapor, the weight of charge per stroke is less than 
the piston displacement calls for at the pressure and temperature 
existing just ahead of the suction valve. The ratio of the actual 
charge weight per stroke to the weight computed on the basis of 
piston displacement for the pressure and temperature just ahead 
of the suction valve may be regarded as the true volumetric effi¬ 
ciency E^t of the compressor cylinder. The determination of this 
efficiency requires a knowledge of the amount of vapor circulated. 

The apparent volumetric efficiency is determined directly from 
the card, for it is the ratio of the volume V, to the volume Vt. 
In the case of very small machines, may be as low as 0.6 and 
does not go above 0,8. For medium sized machines it may be 
from 0.8 to o.Q, and in large machines from 0.9 to 0.98.* 

The nature of the compression line CD depends upon whether 
wet or dry compression is used. The pressure Pa at D is greater 
than the pressure in the condenser by the amount required to 
overcome the valve resistance. 

There are three assumptions possible as to the state of the vapor 
at the point C: 

(a) Vapor wet at C. The compression line may then be as¬ 
sumed to follow the adiabatic for wet vapors. It has been shown 
that this type of adiabatic for NH3 can be closely represented theo¬ 
retically by the equation 

py\n — constant. 

Starting at point C, we can now draw in the theoretical compres¬ 
sion line, and get some idea of the heat interchanges going on 
during compression by comparing this with the actual compres¬ 
sion curve. 

(&) Vapor superheated at C. In this case the theoretical com- 
ression adiabatic is closely enough represented by the equation 
pyi-m _ constant. 

(c) Vapor dry and saturated at C. In this case superheat im- 

* Doderlein, Pr(ifung & Berechnung ausgefUhrter Ammoniak-Kompression K£lte- 
mascbinen. 
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mediately takes place theoretically, and the case is then the same 
as (b). 

From the amount of NH3 in the cylinder per cycle (consisting of 
the sum of the NH3 taken from the suction pipe per stroke plus 
the vapor, if any, caught in clearance), it is possible to construct 


a saturation curve by aid of the 



Wot Compit^asloii-Vapor Wot throughout 


(a) 



Dry Compression*Vapor dry 
at C-Superheated at D 

(c) 

Fig. S 97 . 


specific volumes, by the same 



ih) 



Buperboatod at C and D 

a TO d. 


method as for steam. The location that this curve may have 
relative to the compression line is indicated in Fig. 597 a iod. In 
case the compression line shows wet \'apor, the quality of that 
vajxir at any point may be computed as in the case of steam; 

V 

that is, in Fig. 597a, quality at = -jy • 

If the vapor is superheated, the assumption that the vapor 
acts as a gas will have to be used in the present state of our knowl¬ 
edge; that is, in Fig. sgjd, the absolute tempierature of the vapor 
at point y may be foxmd from the equation 


Ll 

T. 


V, 

V, 


J 


in which T, is the saturation temperature at the pressure chosen. 
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441. The Weight of NHs in Circulatiou. — The amount of NHj 
in circulation may be determined experimentally or computed 
approximately. It is not a necessary item for the computation 
of the amount of refrigeration or the energy expended, is there¬ 
fore not required to determine the coeificient of performance, and 
is in consequence not often determined experimentally. 

The direct determination of weight is made on the liquid (high- 
pressure) side of the machine. It has been done by using a piston 
meter, or other suitable type, and by interposing weighing tanks 
on scales between the condenser and the receiver. The former 
method was used by J. E. Denton in a test on a 75-ton machine, 
the test being reported in Trans. A. S. M. E., Vol. XII, 1891. The 
meter used w'as connected to the outlet of the condenser and was a 
|-inch Worthington piston meter. It is stated that the valves of 
this meter were specially made of wrought steel, and that a few 
extra bolts were used in the top and bottom joints. The meter 
was tested for tightness against 250 lbs. of air pressure under 
water. It gave no trouble during a month’s use, except that the 
packing around the dial arbor had to be renewed. 

When weighing tanks on scales are u.sed, it is customary to use 
two connected in parallel in order to obtain a continuous reading. 
Each is fitted with valves on the inlet and outlet, so that each may 
be cut out of the system at will, and with a gauge glass so that 
the level of the liquid. NH3 may be readily determined. The tanks 
are connected by piping, on the one side to the condenser, on the 
other to the receiver, of such length that there is sufficient flexi¬ 
bility to give a satisfactory reading of difference on the scale. In 
the testing plant at Sibley College, the tanks are submerged in 
water to maintain a constant temperature, but this is probably 
not necessary. In using this weighing system, suppose that inlet 
valve to tank A and the outlet valve to tank B are closed, while 
the other valves are open. This means that tank A is discharging 
into the receiver while tank B is filling from the condenser. When 
tank B is filled, A will be down; then the connections are changed. 
The gross and tare weights recorded for each tank of course deter- 
nnine the total weight passing. 

A single tank may be made to do service, except that a rafe of 
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flow rather than a continuous determination is made. In this 
case, with the outlet valve closed, the tank is allowed to fill up 
from the condenser. The inlet valve is then closed just long 
enough to take the gross weight, the outlet valve opened wide to 
quickly drain the tank contents into the receiver and to obtain 
the new tare weight with the outlet valve closed. The inlet valve 
is then opened and the operation repeated. 

It is essential, in any direct system of weighing, to see that the 
amount of liquid present in any location in which liquid may 
gather is exactly the same in the end as at the beginning of the 
test. If this condition cannot be reached, proper allowances must 
be made. 

Where a volume measurement of liquid NHs is made, the density 
must of course be known to obtain the weight. This is given by 
Denton* as follows: 

Temp. ° F. S I4 *3 32 41 3° S9 68 86 

Denby, Distilled 1 

Water i.oo=w 62.43 V .731 .6492 .6429 .6364 .6298 .6230 .616 .6089 .6ot8 

Il)s. per cu. ft, J 


Several more or less approximate methods of computation may 
be used to determine the amount of NH3 in circulation. 

The common w’ay is to start with the apparent volumetric effi¬ 
ciency of the compressor (see Art. 440). If this is represented 
by £»„ and the actual piston displacement is F cu. ft. per stroke, 
the effective displacement per stroke will be cu. ft. If we 

let the volume of i lb. of the vapor at the end of the suction stroke 
be V cu. ft. per lb. and N the number of compressor cycles per 
hour, the weight of NH3 in circulation per hour will evidently be 


E..VN 

V 


lbs. 


(ii) 


The uncertain factor in the computation is the quality of the 
vapor at the end of the suction stroke, if wet compression is used, 
or the temperature at the same point, if dry compression is em¬ 
ployed. Both affect the value of v. It is certain that tb.e vapor 
• Trans. A. S.M.E.. Vd[. XII, 1891. 
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is drier (or more highly superheated) at the end of the suction 
stroke than it is ahead of the suction valve, owing to the heating 
effect of the cylinder walls. 

Both DeVolsoii Wood* and J. E. Dentont have made compu¬ 
tations on the latter point for superheated vapor. 

The former, for a case in which the suction pressure was 28.9 lbs., 
the suction temperature 57.7°, and the outlet temperature 116.1°, 
assumes a temperature at the end of suction equal to 105°. Zeu- 
ner’s equation for the specific volume of saturated or superheated 
NH3 vapor is 

0.66, r-4.9/»■” , 

/> 

in which T = absolute temperature and p — absolute i)ressure in 
pounds per square inch. Using the values T = 460 -f 105 = 565° 
and p = 28.9 lbs., this equation gives v - 12.4 cu. ft. per lb. 
Using the values T = 460 -f 57.7 = 517.7° and p = 28.9 lbs., the 
value of !) = 11.4 cu. ft. per lb. If the latter value is used, as is 
often done, the weight of NHj determined is too large by 

— - -^ = 8.1 i)CT cent. 

12.4 

In the test reported by Denton, in which the NHj was actually 
metered, the computation on the basis of volumetric efficiency 
and specific volume at suction pressure and temperature showed a 
weight of NH3 in circulation 21.4 per cent greater than the actual. 
Evidently there must have been considerable heating of the gas 
as it entered the cylinder, and Denton computed that the tempera¬ 
ture at the end of the suction stroke must have been 80° instead 
of 14°, as shown just ahead of the suction valve. The suction 
pressure was in this case 42 lbs. abs. 

It will be evident from the above that everything depends upon 
the proper assumption of ternggrature at the end of the suction 
stroke. If the vapor at the end of the suction stroke is still wet, 
the problem is even more difficult. In that case, Doderlein (see 
reference, p, 1022) makes the assumption that the vapor is just 

• Trans k S. M. E., Vol. XI, i8po, p. 833. 
t Trans. A. S. M. E., Vol. XII, 1891, p. 37* 
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dry at the end of compression. Assuming that the process is 
isentropic, he computes the quality at suction pressure on the card 
from the relation 

<#>0'+ ~ (13) 

^ C ^ 1)' 

in which ^d' the entropies of the liquid at C' and D' 

respectively, in Fig. 593. 

Xc and X[)> are the qualities of the vapor at C and D', and rep¬ 
resents the entropy of the dry vapor. 

By assumption, Xjj^ = 1.0, and since the absolute pressures at 
C and D' are known, the other quantities may be obtained from 
the NH3 table, and Xf may be computed. The volume per pound 
of the vapor then follows from the relation 

V = XU + a = X (v' — a) — a = approx. xv\ (14) 

in which x - quality of vapor. 

u = increase in volume during vaporization at the pres- 
sure under consideration. 

<r = specific volume of the liquid at the same pressure. 

»' = specific volume of the dry and saturated vajx>r at the 
same pressifre, obtained directly from vapor tables. 

This value of v is then substituted in Eq. (ii). 

The computation above outlined requires, for the rase of super¬ 
heated vapor, an estimate of the temperature at C", Hg. 593, while 
that for the wet vapor determines the (juality at C', on the assump¬ 
tion that D' is on the saturation line. As an alternative method, 
it is possible to obtain an approximation to the weight of XH3 in 
circulation by aid of the entropy diagram of the real cycle. The 
area of this diagram represents the work input jjer pound of NH3. 
If, therefore, we divide the heat equivalent of the actual compressor 
horse-power per hour (= Comp. H.P. X 2545) by this heat input 
per pound of NH3, the result will%e the weight of NH3 in circula¬ 
tion per hour. This method holds for the vapor under any condi¬ 
tion of quality or superheat. 

442. Capacity and Rating of Refrigerating Machines. — The 

amount of heat actually removed from the cold body by a refrig- 
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crating machine (in case brine circulation is used, equal to the 
weight of brine circulated per unit of time times range of tempera¬ 
ture of cooling times specific heat) is known as the cooling or refriger¬ 
ating effect. One measure of efficiency or economy would therefore 
be to state the cooling effect produced per compressor horse-power, 
or per steam horse-power, or per pound of coal used. 

The heat of fusion of ice, from ice at 32° to water at 32°, equals 
144* B.t.u. Hence to freeze i ton of water under these conditions 
requires 2000X H 4 = 288,000 B.t.u. This quantity is sometimes 
called the unit of refrigeration. 

The cooling effect per day of 24 hours divided by the unit of 
refrigeration gives the so-called ice-melting capacity of the plant. 
The number of tons of ice-melting capacity is called the tonnage 
of the installation. 

Sometimes the ice-making capacity is spoken of. This term has 
no definite meaning, for in any given plant the quantity of ice that 
can be made in any given time depends upon the temperature of 
the water to be frozen and upon the temr)erature of the ice leaving 
the cooler. Assume, for instance, that the water has a tempera¬ 
ture at 60°, and that the ice is cooled to 20°. Taking the specific 
heat of ice at 0.5, this would mean heat removed per 2>ound of 
water frozen = (60 — 32) -f 144 -p {0.5 X (32 — 20)} = 178 B.t.u. 
The ice-making capacity is therefore only J ^ | = 80.6 per cent of 
the ice-melting capacity. 

A secondary standard of economy also sometimes given in test 
reports is the amount of ice made per pound of fuel used. This is 
not definite for the reasons above mentioned and also because 
the quality of the coal differs from plant to plant. It caimot, 
therefore, be used as a general standard of comparison, and applies 
only to the plant in question. 

443. Arrangements for Testing of VapOT-compression Refriger¬ 
ating Machines.!' ■ As in the case of a steam plant, there may be 
a number of objects in view m*lhe testing of a refrigerating plant. 
The main objects, of course, generally are the determination of 

* Different authorities give from 14a to 144 B.t.u. for this figure. 

'» t tor a complete discussion of the testing of an absorption machine, see Trans. 

A.S.M.E., VoI.X.p. 792. 
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economy and capacity; but there are a number of secondary tests 
that may be made, such as for the efficiency of the cooler, the 
proper operation of the condenser, the action of the valves of 
the compressor, the efficiency of the compressor itself apart from 
the rest of the apparatus, etc. It will be assumed in what follows 
that a complete lest for capacity and economy is to be made. 

Each compressor refrigerating plant consists of several very dis¬ 
tinct parts, on each of which certain measurements must be made. 
These are: the compressor with its motive power, the condenser, 
and the cooler or refrigerator. 

Compressor and Prime Mover. — The usual source of motive 
power for the compressor is a steam engine, commonly of the low- 
speed type. The arrangements neces.sary for the determination 
of the power developed (l.H.P.) are fully taken up in Chap. XVIII, 
to which the student is referred. 

The work done by the compressor (Compressor H.P.) is deter¬ 
mined directly by means of indicator cards. The indicators must 
be of special make, that is, of steel, since brass, the metal ordi¬ 
narily employed, is attacked by NH3. The indicator connections 
should be as short as possible, to reduce clearance space, and each 
indicator should be fitted with a special quick-acting valve. The 
indicator pistons .should fit fairly tight, to prevent the escape of 
the disagreeable gas, but of course they must not be so tight as 
to affect the accuracy of the instrument. The driving mechanism 
used for the indicator depends altogether upon the type of machine, 
the points made in Chap. XV also governing this case. 

Other readings besides power determination required on the 
compressor are: 

(a) Quantity of Jacket water, if a cooling jacket is used. 

(ft) Temperatures of jacket water in and out. 

(c) Temperatures of NH3 vapor just ahead of the suction valve 
and just beyond discharge valve. 

(d) Pressure of NH3 vapor in the same places in which tempera¬ 
tures are measured. 

(e) Speed of compressor. 

(/) Quantity of oil fed to cylinder, if that system of eliminating 
clearance is used. 
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(£) If possible, quantity of liquid NHs injected, if the wet system 
is used. 

The Condenser .—The readings on the condenser are the following: 

(o) Quantity of condensing water, best obtained by meter. 

(b) Temperature of condensing water, in and out. 

(c) Temperature of NH3 vapor in and NHs liquid out. 

Between the cooler and the expansion valve is interposed the 
means for determining the quantity of NHs in circulation (see 
Art 441). 

The Cooler .—Readings required, assuming that brine circulation 
is used: 

{a) Quantity of brine in circulation, best obtained by meter. 

{b) Temperature of brine in and out of cooler. 

(c) Specific gravity of brine. 

(d) Temperature of NHs entering or leaving cooler. 

When a plant is to be tested for capacity and the conditions 
are such that the heat taken up by the brine in doing its normal 
work is not sufficient to heat back to the upper temperature, 
means must be provided to supply the extra heat. This can 
usually be done by immersing a part of the brine coil in water, 
which may be heated by steam. No account need be taken of the 
amount of heat so supplied. 

The log blanks, pages 1031 and 1032, for recording observed data 
were constructed primarily for the 15-ton York machine used at 
Sibley College, but show a general and concise arrangement of the 
readings necessary. 

The greatest difficulty to contend with in the making of an 
accurate test of a refrigerating plant consists in the fact that it 
is very difficult to be absolutely certain that ail parts of the plant, 
particularly the cooler, contain the same amount of heat, esti¬ 
mated above some datum, at the end as at the beginning of the 
test. To reduce the possible error in this respect, two things are 
necessary; first, keep all temperatures the same as nearly as pos¬ 
sible; and second, prolong the test over a considerable period of 
time. The latter should never be less than 12 hours, and may 
preferably be several times that length. 
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The frequency of taking readings depends upon conditions. 
Where these are fairly constant, half-hour readings are probably 
quite sufficient. Where this is not the case, the number of read¬ 
ings must be increased, but the matter must be left to the judg¬ 
ment of the testing engineer. 

444. Computation of Results. — The forms on pages 1034 and 
1035 contain the items of computation for a complete test. The 
first of these shows average pressures, temperatures, weights, etc., 
computed from observed data; the second contains the final results. 

In view of the explanations contained in previous articles in 
this chapter, but few of the items on the two forms need any 
further comment or recapitulation. 

Item (63). Compressor horse-power is computed from the com¬ 
pressor-indicator cards in exactly the same way as I.H.P. for a 
steam engine. 


Items (65) to (77). See Art. 440. 

Item (88). Mechanical efficiency of set = 

Item (89). Actual coefficient of performance = ^ -- — 7- . See 

Item 64 

Art. 438. 

I t,CTIl 81 

Item (go.) Coefficient of performance of set = 


Item (91). Theoretical coefficient of performance. See Art. 436. 

Item (92). Efficiency of refrigeration process = Actual coeffi¬ 
cient of performance -r- Ideal coefficient of performance. See 
Art. 438. 

Item (93). Toimage. See Art. 442. 

445. The Heat Balance for the Refr 4 ;eration Process. — This 
balance is established by following the refrigerating agent through 
the complete cycle, balancing the sum of all the amounts of heat 
received by the agent against the sum of the amounts of heat given 
up by it. 
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SIBLEY COLLEGE, CORNELL UNIVERSITY. 

Test of Refrigerating Plant built by . . Date 

Average Data, Observed ok Computed. 


1. Duration of test, hours. . . , 

Dimensions, Volumes, Etc, 

2 . Diam steam cyl., in.... 

3. Stroke, steam cyl., in.. 

4. Diam. piston rod, steam cyL, in. 

5. Area steam cyl., head, sq. in. 

6. Area steam cyl., crank, sq. in... 

7. Diam. <'ompressor cyl. A, in 

8. Diam. compressor cyl. B, in 

9. Stroke, compressor cyl. A, m.. 

10. Stroke, compressor cyl. B, in.. . 

11. Piston displacement, compressor 

cyl. A, cu. ft. 

12. Piston displacement, compressor 

cyl, B, cu. ft. 

13. Diam. brine pump, in 

14. Stroke, brine pump, in 

15. No. of cyls. brine pump 

16. Piston displacement per cyl., 

brine pump, cu. ft . . 

Revolutions per Minute, 

17. Steam engine . . 

18. Compressor. , . 

IQ. Brine pump .. 

Pressures. 

20. Steam pressure, lbs,... 

21. Back press, on steam cidorimetcr, 

" Hg. 

22. Condenser press., " Hg. . . 

23. Barometer, " Hg 

24. Suction press., compressor, lbs . 

25. Discharge press , compressor, lbs. 

26. Suction press , brine pump, lbs. 

2 7. Discharge press., brine pu mp, lbs. 
28 Pre.ssure of liquid NIL at weigh¬ 
ing system, lbs. 

Temperatures, Deg, Fahr. 

29. External air. 

30. RcK)m. 


31. Condensing water, steam engine, 

inlet . 

32. Condensing water, steam engine, 

outlet.. ... 

33. Condensed .steam, , 

34. Temp, in steam calorimeter.. .. 

35. Suction temp. NHj. . 

36. Discharge temp. Nila_ 

37. Jacket water, compressor, inlet.. 

38. Jacket water, compressor, outlet. 

39. Condensing water,NH ^ condenser, 

inlet 

40. Condensing water,Nl l,i condenser, 

outlet 

41. Temp of NIL, inlet to condemser 

42. Temp, of NIL, outlet from con¬ 

denser 

43. Temp, of brine, inlet to (ooler. 

44. Temp, of brine, outlet from 

45. Temp of NIL, inlet to cooler 

46. l>mp of N 1 I« outlet from cooler. 

47 Temp, of NIL, m front of ex¬ 

pansion valve 

48 Temp, of licjuid NIL at weigh¬ 

ing system... 

I Weights of Water and NII,u per Hour 

49. Weight of steam... 

50. Weight of NHj in circulation if 

measured directly. 

51. Wedght of jacket water, compr. , 

52. Weight of water, NH* condenser. 

53. Weight of condensing water, 

steam engine ... 

54. Weight of brine in circulation 

General Data 

55. Quality of steam . ... 

56. Specific heat of brine. 

57. Specific gravity of brine. . . 

58. Square feet of NIL condenser sur¬ 

face . 

59. Square feet of cooler surface . . . 
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SIBLEY COLLEGE, CORNELL UNIVERSITY. 

Test of R^rigerating Plant built by ... . . Date 

Final Re.sults. 


Steam Engine. 

60. LH.P. 

61. Water rate per 1 H.P, hour .,. 
02. B.t.u. supplied per hour, , 


Compressor. 

03, I H.P... . . 

64 B.t u. hour equivalent of LH.P. 
65. Apparent volumetric ctBciency, 
hm . - 

06. Piston displacement, cu. ft. 

O7. Effective piston displacement, 
cu. ft. 

68. Specific volume of NIL at suction 
pressure and temperature,.. 

69 Weight of NIL per stroke, lbs 

70. Weight of NIL per hour, lbs., 

computed. 

71. Ratio of weight of NEL computed 

to actual weight 

72. Range of temp., jacket water 

73. B.t.u. per hour in jacket water . 


Condenser 

74. Weight of water per hour.. 

75. Range of temperature, water.. 

76. B.t.u. per hour in condensing 

water . . . 


77. 'Total heat removed from each 

pound of NHa. 

78. Heat removed from NH* per hr.. 

Cooler. 

79. Weight of brine per hour. .. 

80. Temperature range of brine_ 

81. B.t.u. per hour from brine... . 

82. Heat given to each pound of NHs 

83. B.t.u. per hour to NIL. 

84. Efficiency of cooler. 

Brine Pump. 

85. Work done by pump. 

86. Power in})ut to pump ... 

87. Mechanical efficiency 

General Results. 

88. Mechanical efficiency of set 

89. Actual coefficient of performance 

90. Coefficient of performance of set 

91. Theoretical coefficient of per¬ 

formance 

Q2, Efficiency of refrigeration process 

93. Tonnage 

94. Tonnage per {lound of NH3 ,. 

95. Tonnage per steam I.ILP. 

96. Tonnage per Ib. of steam used. 

97. Gallons of condensing water per 

ton of refrigeration. 


A. Heat Received by Agent per Hour. B.t.u. Per cent of Total. 

1. Heat taken from brine (= Item 8i). . 

2. Heat due to radiation in cooler 

(= Item 83 — Item 81). . 

3. Heat due to radiation in piping, 

cooler to compressor. 

4. Heat equivalent of compressor LH.P. 


A 
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B. Heat Given up by Agent per Hour. B.tu. 

1. Heat removed by compressor jacket 

(= Item 73). 

2. Heat radiated from piping to con¬ 

denser... 

3. Heat removed in condenser (= Item 

77 X lbs. of NH3 in circulation 
per hour). 

4. Heat radiated from piping, conden¬ 

ser to expansion valve. 


PercentofTotaL 

















CHAPTER XXV. 


HYDSAIILIC MACHUTBRY.* 

446. Classification. — The broadest classification divides all hy¬ 
draulic machinery into two classes: hydraulic motors and pumps. 
Machines belonging to the former class are prime movers and take 
energy imparted to them by water, converting a part of it into 
other forms of mechanical energy. Pumps, on the other hand, 
impart energy to water, being operated by some type of prime 
mover. 

Hydraulic motors arc again divided into the following classes: 

(A) Water-bucket engines, in which water is allowed to flow 
into suspended buckets,, which in their descent lift weights and 
overcome resistances. This type is practically obsolete and will 
not be considered further. 

( 5 ) Hydraulic rams and jet pumps, in which the energy of one 
mass of water is utilized to impart energy to a second mass. These 
machines may also be looked upon as pumps. 

(C) Water-pressure engines, using the direct pressure of water 
against moving machine members. The latter may be either 
reciprocating or rotary. 

(D) Water wheels, with horizontal shaft, in which the water 
may act either by weight or by impulse, or by a combination of 
both. This class includes both the old-fashioned water wheels 
and the impulse wheel. 

(£) Turbines, rotating either about a vertical or a horizontal 
shaft, in which the water acts by pressure and by impulse. 

The different classes of pumps correspond broadly to the different 
classes of water motors, with the mechanical principles of operation 
reversed. Thus the reciprocating pump corresponds to the water- 

♦ For a general study of this wide and very important field, the student is referred 
to L P. Church, Hydraulic Motors; Bovey, Hydraulics; Merriman, Treatise on Hydrau¬ 
lics; F* C. Lea, Hydraulics. 
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pressure engine; chain-and-bucket pumps to water wheels, in which 
the water acts principally by M'eight; centrifugal pumps are closely 
analogous to turbines. A broad general classification is into 

(A) Reciprocating pumps and 

{B) Rotary pumps. 

The former class includes steam pumps, direct water-pressure 
pumps, etc. Rotaiy pumps may again be subdivided into two 
distinct kinds; (a) centrifugal pumps and {b) rotary pumps in the 
narrower sense of the word. The working parts of these latter 
pumps are usually gears or cams meshed together. 

l'’umps are also sometimes classified according to the power 
driving them. Thus we distinguish steam pumps, motor-driven 
pumps, power pumps if driven from shafting, etc. 

Three other types of pumps will have to be mentioned. The 
first of these is the pulsometer, which uses the direct action of 
steam to pump water; the second is the Humphrey gas pump, in 
wluch the e.xplosive force of a combustible gas mixture is directly 
used; and the third is the method of pumifing by compressed air. 

Hydraulic Motors. 

447. The Hydraulic Ram. — This is a machine which uses the 
momentum of a stream of water falling through a small height to 

raise a part of the water to a greater 
height. 

Fig. 598 shows a conventional 
sketch of a simple type of ram. It 
consists essentially of an air chamber 
^ (’ connected to the discharge pipe 
eD. a check or delivery valve O, a 
waste or clack valve Bd, and a sup- 
Fi(.. S08. — Hydrauuc Ram. ply chamber SS. MN is the supply 

or drive pipe. 

The action may be explained as follows; Assume that the waste 
valve is open and the delivery valve closed. This is always the 
case when the water is at rest, for gravity alone will open the first 
valve and close the second. If now the water starts to flow, it will 
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escape past the waste valve, acquiring greater and greater velocity, 
until the pressure difference between the under and upper sides of 
the valve becomes sufficiently great to close the valve abruptly 
against the action of gravity. The sudden closing of the valve 
arrests the motion of the water and causes a rapid rise of pressure 
in the supply chamber 55 to such an extent as to lift the delivery 
valve 0 against the resistance acting on the other side. A portion 
of the water thus passes into C, compres.sing the air in it. The 
recoil of the water in the chamber 55 next causes the pressure to 
fall again, so that the delivery valve closes and the waste valve 
opens, after which the operation is repeated. While the water in 
the drive pipe is accumulating velocity for the next operation, the 
air in C expands, forcing the water up to delivery’ pipe eD. The 
flow up eD is fairly constant if a large enough air chamber € is 
provided. To keep the air chamber properly filled with air, a 
small snifting valve, not shown in Fig. 598, opening inward below 
the delivery valve, is provided, through which, when the pressure on 
the recoil falls below atmospheric, a small quantity of air is drawn 
in. This air is delivered to the chamber C along with a certain 
quantity of water on the next forcing operation. The waste-valve 
stem is furnished with an adjustment at I/, so that the length of 
stroke may be changed. 

The drive pipe should be straight and as free from friction as 
possible. It must be of a certain minimum length for satisfactory 
operation; a length not less than live times the supply head is 
recommended. 

448. The Efficiency of the Hydraulic Ram. — In Fig. 599 the ram 
i? receives its supply water from a re.scrvoir A at a head h, above 
the level of the waste valve, and delivers a part of it into a reservoir 
Z1 at a height above the level of the valve. Let IF, = weight of 
water passing down the supply pipe in a given time, — the 
weight of water wasted at the waste valve, and Wd = weight of 
water delivered. There are two methods of computing the efficiency 
of a ram. The first considers that the useful work consists in 
lifting Wd pounds of water a distance hd — h, above the level of 
the supply. The useful work, therefore, is Wd ihd — foot¬ 
pounds. It also considers that the total power expended to do 
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that work is that due to the waste water W^, falling through the 
supply head h„ that is, W„h,. From this we have 

Efficiency - ' (0 

r r 

The other method states that the total energy expended is WJi„ 
and that the useful effect is W^ha, so that 

Efficiency = • (2) 

rr 

The first equation for efficiency is known as the Rankine formula 
and is the one mostly used. The last form is due to d’Aubisson. 



449. Testing of Hydraulic Rams. — A test of an hydraulic ram 
requires the following observations: (a) supply head, (b) discharge 
head, (c) waste water, (d) water pumped, {e) length of stroke (or 
spring setting) of waste valve and strokes per minute of this valve, 
(/) dimensions of the ram and details as to length and course of 
supply and discharge pipes. 

Where the supply and discharge pressures are small, the best 
instrument with ■Sthich to measure them is the ordinary manometer. 
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In the ordinary case, however, a gauge must be used for the dis¬ 
charge head. Convert the head in pounds to feet, and add the 
distance from the center of the gauge to the level of the waste valve, 
if the gauge is located above the ram, as it usuaDy is. Except for 
very large rams, both waste water and water pumped may generally 
be directly weighed. 

The independent variables that may be changed in the operation 
of a ram are (a) the supply head, (6) the discharge head, and (c) 
the number of strokes in unit time of the waste valve. The latter 
variable is adjusted by changing the length of the stroke of the 
waste valve, or the tension of the waste-valve spring. 

The following series of tests may be made: 

{A) With setting of waste valve constant, take a series of supply 
heads, and for each supply head change the discharge head by a 
series of steps from a minimum to the maximum. The discharge 
head is most easily adjusted by putting a throttle valve above the 
gauge in the discharge pipe. The action of this valve is equivalent 
to adding or subtracting from the lift, as the case may be. 

{B) For any setting of the supply and discharge heads, make a 
series of runs by changing the setting of the waste valve. 

Each run should last about one-half hour. The form on page 1042 
shows the data to be recorded, 
together with the quantities to 
be computed. 

In the report, plot curves for 
each setting of waste valve be¬ 
tween discharge heads as 
ordinates and the following ab¬ 
scissae: (a) capacity in gallons 
per twenty-four hours; {h) effi¬ 
ciency (Rankine); (c) waste water 
per twenty-four hours (gallons). 

430. The Jet Pump. — The principle of operation of the jet pump 
may be explained from Fig. 6co. Water under pressure is supplied 
through the pipe A, which ends in the nozzle B in the suction 
chamber C. The suction produced in C raises the water through D 
from the source of supply E, and the combined streams of high- 
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DEPARTMENT OF EXPERIMENTAL ENGINEERING--SIBLEY COLLEGE. 

Test of Hydeauuc Ram. 

Made by, .. Date . . . ..191 


Dimensions: 

Air Cftamber . Volume. , 

Water-valve Diam. .. . Area, 

Supply Pipe. . . , in diam.; length 

Number of Bends, etc., in Supply Pipe 
Discharge Pipe ... in diam.: length 


Number of Run. 


Length stroke, inches.. , j 

Strokes per minute. 

Supply head. . , . . i 

Supply head, feet of water, corrected, //, 
Discharge pressure 

Discharge head, feet of water, corrected, hd 
Ratio discharge to supply head 
Time, end of run— 

Time, beginning oi run . 

Dumtion of run, minutes... . 

Water pumped, scale reading, end.. Ibs.i 
scale reading, beginning lbs ; 

weight, Wd lbs. I 

Water wasted, weight, lbs ' 

7 'otal water supplied, W„ ~ Wd 4 " Wu> lbs. 
Available energy (Rankinc), WJh ft.-lbs 
Work done (Rankine), Wd(hd — ht). ft.-lbs. 
Wfjrk done p)er stroke . .. ft.-lbs. 

Capacity, pound.s per minute. 

Capacity, gallons per 24 hours.. 

Efficiency, per cent (Rankine), — 

Ir W //* ■ 

Efficiency, per cent (d’Aiibisscn), . I 

n ,h, 




pressure and suction water pass through the combining tube F and 
the discharge pipe C either to a reservoir or to waste. Such pumps 
are used for small lifts for many purposes, because they contain 
no working parts, although their efficiency is quite low, not exceed¬ 
ing 20 per cent. 

A modification of the jet pump is the suction pump so extensively 
used in the chemical laboratory. Here the operating fluid is water, 
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but the fluid pumped is air. Another modification is the steam 
injector (see Chap. XX), in which the operating fluid is steam and 
the fluid pumped is water. 

451. Efficiency of the Jet Pump. — Let h be the effective head in 
feet of the supply water, h, the actual suction lift to the center of 
the nozzle, and the actual discharge lift; also let W = weight of 
supply water in a given time and W, the weight of the suction water. 
Then energy available is W {h — foot-pounds, and useful work 
is W, (It, -f ha) foot-pounds, from which 


Efficiency = 


W .(h. + ha) 
W {h - ha) ■ 


(3) 


452. Water-pressure Engines. —Appliances of this type (hydrau¬ 
lic cylinders, hydraulic jacks and hoists, etc.) arc largely used where 
slow motion is desirable and high water pressure is available. The 
latter is generally obtained by means of steam pumps pumping into 
an accumulator. 

I'he action of a water-j'»ressure engine, of the type that operates 
continuously, as distinguished from that which operates inter¬ 
mittently, like the hydraulic jack or hoist, is very much the same 
as that of the steam engine, except, of course, that the fluid is used 
nonex*pansively. The admission of the water to and the exit from 
the power cylinder may be controlled by slide and piston valves 
exactly as in the steam engine. An interesting type that has lately 
found application for small powers is shown in sketch in Fig. 601. 


B 



A is a reciprocating hollow piston in a cylinder B. The piston is 
divided into two conrpartments by means of the partition t’. The 
two admission valves rigidly connected on the same stem are 
shown at D, and the two exhaust valves, fastened in the same way, 
are shown at E. The stems are of such length that when one valve 
is against its seat the other valve on the same stem is off its seat. 



1044 


EXPERIMENTAL ENGINEERING 


The piston and tail rods are hollow. If water is admitted at F, 
it flows into the upper compartment of the piston, passes the right- 
hand inlet valve and reaches the end M of the cylinder, tending to 
force the piston to the left. At the same time the left-hand exhaust 
valve is open and allows the water on that side to flow into the 
lower compartment and so out through the rod at F'. When the 
piston approaches the end of the stroke, springs 55 on the cylinder 
heads come into contact with the valve stems, are compressed until 
their resistance overcomes the water pressure holding the valves 
against the seats, when these valves are thrown over and the back 
stroke commences. 

453- EflSciency of Water-pressure Engines.* — In any water- 
pressure engine A (Fig. 602), consider the stroke of the piston P 

from left to right. Let h, be the 
equivalent total static supply head 
in feet above the level MN, as 
shown by a gauge G. It is as¬ 
sumed that the motion is slow 
and uniform against a resistance R. 
The unit pressure (pounds per 
square foot) is somewhat less than 
the pressure due to h, on account of entrance losses. Suppose it is 
equal to a head h,’. The unit pressure on the other .side is 
somewhat greater than atmosphere on account of friction losses 
in the exit. Suppose it is equivalent to a head h^. (It is here 
assumed that the exit water discharges into the air at the level AfiV.) 
If pa == atmospheric pressure, then 

pm pa and Pm'^ pa “f" 

where 6 = weight of one cubic foot of water. If the area of the 
piston is F square feet, we have for steady motion 

F F {pa,— pa,') = FS {h,>— hi) lbs. (4) 

Therefore the work done per stroke, if 5 is the stroke in feet, will be 
RS ^ FSS ih,'-hi) it.-lhs., (s) 

• See I. P, Church, Hydraulic Motors. 
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and if» »= number of strokes per minute, the horse power developed 
under the conditions assumed will be 


jj p ^ 

33,000 

FSnS = weight W, of water used per minute. Since h, is the 
supply head, the available energy is foot-pounds per minute. 
The hydraulic efficiency of the engine consequently is 

p _ (A/ — fed) h - ha , x 

WJi, “ h. " 


In practice it would be difficult to determine and ha on account 
of pressure fluctuations, but indicator cards may be taken from 
both ends of the cylinder. If the water horse power thus shown 
is the cylinder efficiency may be stated to be 

W.h. 


and if the piston speed is v feet per minute (= nS), so that the 
actual work done per minute is Rv foot-pounds, the total efficiency 
will be 




Rv 

WA 


(9) 


454. Vertical Water Wheels. — This includes water wheels of 
the old type and impulse wheels. The former are again divided 
into overshot wheels, breast wheels, and undershot wheels. 

455. The Overshot Water Wheel. — A general view of one of 
these wheels, explaining the action, is shown in Fig. 603. The water 
flows from a head race A into buckets around the circumference 
of the wheel and is discharged near the bottom. The head of water 
at the top must be such as to give the falling water greater velocity 
than that of the periphery of the wheel. In practice the velocity 
of the water is from 9 to 12 feet per second, that of the wheel from 
S to 10 feet per second. This type of wheel is not adapted to run 
in bad: water, and the greatest efficiency for any given head will be 
found when the wheel just clears the water in the tail race. 

These wheels have been used with falls from 8 to 70 feet, and 
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deliveries of from 3 to 25 cubic feet per second. When at their best 
they will show efficiencies of from 70 to 85 per cent. They are now, 



Fig 603 — OvLKsnoT Water Whbel 


however, practically obsolete For that reason no derivation of 
work and efficiency formulas will bo given, stating merely the linal 
re-iUlts.* 

The water acts on the w'heel both by gravity and by imjiact. 
The power cleric ed from the former source is much greater than 
that from the latter Church gives the following relation. 

Power due to weight of water 

= Lg = Qi [h + jS//d] ft.-lbs. per sec. (10) 


Power due to impact 

= Lx = cos a — I'l] I'l ft.-lbs. per sec. 


(11) 


Total theoretical powei == {L„ + L.) ft.-lbs per sec. 
Total energy supplied = Qhh it.-lbs per sec. 


Theoretical efficiency = 




Lg+L. 

QSh 


(12) 

(13) 

(14) 


For the significance of most of the symbols used, see the detail 
Figs. 603 and 604. 

Q - cubic feet of water supplied per second, 5 = weight per 
cubic foot of water. During the period that the bucket is passing 

* P"or details sec an> of the books mentioned in footnote, p. 1037. 
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through the vertical head h%, the average weight of water contained 
in it is only some fraction /3 of the weight when full. /3 may be = .5, 
Vi is the tangential velocity at the division circle, Ci the absolute 
velocity of the jet, a the angle included between them. 




Fio 60s —Brfast Watfr Wheel 


456. The Breast Wheel. — Fig. 605 gives a general view of this 
type of wheel. The water may be supplied by an overfall weir or 
through a sluice weir having a gate, as in Fig. 605. The apron of 
the flume ABE should lit the circumference of the buckets closely 
to i") to prevent the loss of water. The buckets may be radial 
or turned backward to prevent losses on leaving the back water. 
Breast wheels have been used in falls from S to 15 feet with water 
supplies of from 5 to 80 cubic feel per second. 

The power of the breast wheel is due to impact and gravity, as 
in the case of the overshot wheel, and essentially the same formulas 
apply. The total theoretical power may be expressed by 

L ~Q6 p- — ^ ^ j ft.-lbs. per sec., (i5) 

in which the symbols are the same as for the previous article. If 
k again denote the total head from the surface of the water in the 
head race to that in the tail race, and hi is the vertical distance 
from the surface of head water to the point of impact on the float, 
hi - hi. The value of ^ depends upon how closely the apron 
fits the wheel; it may be as high as .9 when the fit is very close. 
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The theoretical efficiency is, as before, 



The actual efficiency should range from 65 to 75 per cent. 

457. The Undershot Wheel. — See Fig. 606 for a general view 
of an undershot wheel. These wheels take and reject the water 
at about the same level. The water enters the guide at a certain 
velocity due to its head to the surface of the head water and leaves 



it with a velocity about that of the tip of the floats. The power 
developed is almost wholly due to impact. 

The equations for this wheel are as follows:* Let Q' = cubic feet 
of water per second actually suffering impact, Q = total number 
of cubic feet per second delivered through the gate, h the supply 
head in feet, and v the velocity of the renter of the float (see Fig. 607). 
Then since impact is the only agency at work, equation (ii), p. 1046, 
applies, and remembering that a = o (since c and v are in the same 
direction), we know that the total theoretical power is 

L ~ (c — v) V ft.-lbs. per sec. 

S 


(17) 


Ill this case, c is theoretically equal to V2 gh. It can be shown that 
I is a maximum when v = ^c, but that even then it equals only 
half the kinetic energy available in the water originally. There¬ 
fore, even if Q' == Q, the theoretical efficiency 


E 



(18) 


♦ See Church, HydrauHc Motors, 
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could not exceed 50 per cent. In actual practice, the actual effi¬ 
ciency is from 25 to 33 per cent. 

The Poncekt wheel is a modification of the undershot wheel in 
which the floats are concave toward the entering water. This 
increases the power to some extent, so that actual efficiencies of 
68 per cent have been reached. 

458. The Impulse Wheel or Tangential Water Wheel. — In this 
class of hydraulic motors one or more jets of water are made to 
impinge upon buckets fastened to the circumference of a wheel as 
they are successively brought into position by rotation. This class 
is very efficient for high heads of supply and small quantities of 
water. 

The best-known impulse wheels are the Pelton, the Doble, and 
the Leffel (Cascade).* In all these wheels the buckets are char- 



Fig. 608, “* Running Parts or an Impulse Wheel. 


acterized by a dividing ridge or midriff, as shown in Fig. 6o8,t which 
shows the running parts of a small Doble wheel. The tip A pro¬ 
jecting from the nozzle B is the needle-regulating valve. A small 
laboratory motor complete (one side of the case glass) is shown in 
Fig. 609. 

Since most of the wheels have curved vanes or buckets, this will 

^ There is one other different type of impulse wheel (more strictly a turbine), the 
Girard, for the theory of which the student is referred to books on Hydraulics. 

t Both this and the following figure are from the catalogue of the company. 
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Ik 6oq —Dtmxx Impuisf Watxr Whlli 

be the only case (onsidered Fig 6xo shows a cross section of one 
of these buckets, moving to the right with the velocity v, while the 
impinging stream has the velocit}^ Vi, greater than i The relative 
velocity of the particles of water leaving the bucket at A or B, 



neglecting hydraulic friction losses, is vi — v == vr in a direction 
of the tangent to the bucket element at ^ or B The absolute 
velocity Vi of the particle leaving the bucket at A is evidently 
the resultant of v and vr, in a direction indicated by Vi. The 
component of the absolute velocity in the direction of the axis 
CD is AF, which is equal to v — vr cosB ~ v — (tti — v) cos B. 
The change in the absolute velocity of a small mass AAf of water 
in the direction of the axis CD consequently is t»i — [t;—( oi— v) cos fl] 
or (vi — v) {i + cos B). 
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Now since the velocity in the direction of the axis has been 
decreased, there must have been a negative acceleration in the time 

A/, in the direction of »i, equal to p - fe- - . Since 

iJkl 

Force P * 

acceleration is also equal to -ri — = — > we may then wnte 

Mass M 


A _ jL == (^>1 - t>) (i + cosg) . 
^ AM At ’ 


(19) 


or the pressure exerted on the bucket by the small mass of water 
AM striking the bucket in the time At is 


A/ 


(20) 


The mass AM = ^ A/, in which Q' is the volume in cubic feet 
g 

of water striking the bucket in the time At, and 5 is the density of 
the water in pounds per square foot. Hence 

P = ^ (Vi — ») (i + cos B), (21) 

g 


and the theoretical power developed by this force will be 

L ZB Pv = ^ (dj — ») (i + cos B) V ft.-lbs. per sec. (22) 
g 

Note that here Q' is not the amount of water issuing from the 
nozzle, but only that striking the bucket per second. That is, if F 
is the cross section of the nozzle, F (vi — v), while the water 
issuing from the nozzle would be () = Fvt. But if a series of buckets 
be employed, as is of course the case in an actual wkeel, the pro¬ 
portion of Q' used will increase, and finally we may put Q' = Q. 

For any given value of v, the value of L is a maximum when 
B - o, in which case cos 0 = i.o, and 

Z = (t»i — v)v ft.-lbs. (23) 

g 

To discover the value of v for which this will be a maximum, put 
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~ = o, that IS, Vi2 V ^ Oy from which v — -~ 
dv 2 

for maximum theoretical power then becomes equal to 


The expression 


205 / 

g V 


Vi' 


2 / 2 


V 


ft.-lbs. per sec. 


(24) 


459 " Efficiency of the Impulse Wheel. — The total energy per 
second in the water issuing from the nozzle is evidently equal to the 
weight of water per second multiplied by its fall, = Qd/i, in which 
h is the total head in feet acting on the nozzle; so that the ex¬ 
pression for ideal hydraulic efficiency ( = ratio of energy received 
to total energy available) may be written 

^ (j)i — jj) (I -f cos 6} V 


g 


{m 

(vi — p) (1 4 - cos d) V 
gh 


(25) 


This efficiency is theoretically 100 per cent if 0 = o and v = for 

_ 2 

then, remembering that Vi - V2 gh 

Vi^ 


gf> 


2 gh 


- 1 . 


(26) 


In practice, of course, this efficienc}- is never reached, on account 
of losses due to imperfect guidance, friction, etc., and the fact that 
e cannot well be made exactly zero. The actual or gross efficiency 
of the wheel and nozzle in any case is, if IV is the focjt-pounds of 
work done by the wheel per second, as determined by Trony brake 
or other means, ^ 

The actual efficiencies of these wheels range from 70 to 90 per cent. 

460. Turbines. Church defines a turbine in general as follows: 
A water motor consisting of a number of short curved pipes set 
in a ring attached rigidly to a shaft upon which it revolves, and 
receiving water at all parts of its circumference from the mouths of 
other and fixed pipes or passageways. 
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Broadly, all water turbines are divided into two classes: 

Impulse Turbines and Reaction Turbines. — In the first class all 
of the available head is converted into velocity before the water 
strikes the vanes. The pressure in the water remains constant 
during the passage through the wheel; air must, therefore, have 
free access to the passages, and the latter must not be completely 
full of water. It is, therefore, necessary that this turbine discharge 
into free air. I'he power of this turbine is due to the change in 
kinetic energy in the water. 

In the reaction turbine, only a part of the head is converted into 
velocity before the water enters the wheel, and both pressure and 
velocity act on the vane. The passages must, therefore, be kept 
full of water. For this reason this turbine is often placed below 
the level of back water. The power is due to changes in kinetic 
energy and changes in pressure. 

'I'urbines are also classified according to the direction of flow of 
the water, and we *iistinguish: 

{a) Radial outward-flow turbines, in which the water flows 
generally at right angles to the shaft and is directed away from the 
shaft. In tliis cus(.% the guide blades are placed within the wheel 
and the latter receives the water at the inner circumference. 

(b) Radial inward-flow turbines, in which the water flows at 
right angles to the shaft, but the guide vanes are placed around the 
outer circumference of the wheel, the water flowing toward the shaft. 

(c) Axial- or parallel-flow turbines, in which the path of a particle 
of W'ater lies practically on the surface of a cylinder whose axis is 
that of the shaft; that is, the distance of the particle from the center 
of the shaft is constant. 

(d) Mixed-flow turbines, in which the path of a particle of water 
is changed from radial inward flow at entrance to axial as the 
particle i)asses through the wheel. 

In order to aid in understanding the action of the reaction tur¬ 
bines (the principal one to be considered), two fundamental prin¬ 
ciples should first be dealt with: the action of a stream upon a 
rotating vane, and the general case of amount of power developed 
by a turbine.* 

* Hoskins’ method of treatment is followed; see Hoskins, Textbook on Hydraulics. 
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461. Action of a Stream upon a Rotating Vane: General Case. — 

AB, Fig. 61is a vane rotating about the center C with a uniform 
angular velocity «. The vane receives a stream at B and discharges 
at A. Let the absolute velocity of the entering stream be Vi, &e 



Fig. 6ri. 


relative velocity (relative to the vane) be Wi, and the velodty of 
B about C be Mj. At ^ 4 , let the relative velocity (tangent to the 
last vane element) be Wj, the velocity about C be ut, and the abso¬ 
lute velocity (resultant of and Wi) be Vt. 

inie angular momentum of a particle of water of mass AM at 
B is aMviRi cosai, in which Ri is the' radius CB, and ai is the 
angle between Vi and «i. Similarly, the angular momentum of the 





HYDRAUUC MACHINERY 


loss 


particle of mass AW at ^ is AMv^Ri cos aj, in which Rt is the 
radius CA and at the angle between »2 and «*. 

The action of the vane, therefore, causes a change in the angular 
momentum equal to 

AM {viRi cos ai ~ VtRt cos aj). (28) 


If W' is the weight of water striking the vane per second, the 

W 

mass per second will be—> and the change of angular momentiun 

S 

per second is 

W' 

— {ViRi cos ai — VtRz cos aj). (29) 


It can be shown tliat this is also the total moment* of the forces 
exerted by the water upon the vane. If there is a constant suc¬ 
cession of these vanes, the weight W' becomes equal to the weight 
W furnished the wheel per second, and hence the 


W 

Total moment = — {viRi cos ai — v^Rz cos az). (30) 
S 

Now, energy or work is equal to moment times angular velocity. 
So if wc let « = angular velocity, the energy' received by the wheel 
in one second will be 

L = {viRi cos ai - VzRz cos az). (31) 

S 

To simplify this expression for work, put Vz cos az = sz, and 
Vi cos at = St. These are the components tangentially to the wheel 
of the absolute velocities and Vz respectively, and are sometimes 
called velocities of whirl (see Fig. 611). Also, Rzu = Uz = velocity 
of rotation of point A about center C, and Riu = Ui. We may then 
write energy received per second 

Z, = ~ {uiSt — u-jSz) ft.-lbs. (32) 

S 

* With reference to this, Hoskins makes the following statement: Since the total 
increment of momentum of a particle pw second is equal to the average value of the 
force acting upon the particle, it follows, by taking moments about any axis, that the 
total increment of the moment of momentum (=* angular momentum) per second is 
equal to the average value of the moment of the force. 
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462. The Radial Outward-flow Reaction. Turbine. — Fig. 612* 
shows a vertical cross section and a plan view of a Fourneyron 

turbine, which is the best-known 
example of this type An outline 
sketch of this turbine is shown in 
Fig. 613 The water from the head 
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bay H enters the penstock P 
At the lower end of the pen¬ 
stock it enters the guide 
passages gg, in which its di¬ 
rection of motion is changed 
to the horizontal and with 
the direction of motion of 
the wheel W to avoid shock. 

The trfieel passages are in¬ 
dicated at iV. The ar- 
rangenient for cootroHing 
the tpantity of w&tex flow- 
lag, is, the gate, is not 

in the 4 etdj. Fig. 6x2, howev®', diows «»ie method of 

(gates at 


Eia fey — OCTUN® Skktob, Raioai. Oo*- 
WARiM'r.ow Rbaoson ToasKiw. 


* Otarcb, MotWf, p. tit. 
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463. Power and Efficiency of the Radial Outward-flow Reaction 
Turbine. — Let Q be the cubic feet of water delivered to the wheel 
per second, 5 =» density of the water, and h be the total head from 
the level in the head bay to the level at which the turbine dis¬ 
charges (see Fig. 613), assuming that the discharge is into air. 

Then the weight of water supplied per second is QS poimds, and 
the total available energy is Qdh foot-pounds per second. 

According to the previous paragraph, the actual energy received 
by the wheel from the water is 

I, = “ (uiSi — UjJa) ft.-lbs. per sec., (33) 

i 

so that the actual hydraulic efficiency is 


Eh 


^ ^ - IhSt) 

A _ 

Qdh Wh 


UiSi — ihSj 

gh 


(34) 


In this equation, the values of g, h, Wa, and are known, but 
Si and Sa must be determined. The value of depends upon the 
absolute velocity t'l (see Fig. 611) with which the water leaves the 
guide pa.ssage, which in turn is a function of the quantity Q of water 
flowing and the total cross section of the strejuns Fi measured 
normal to the direction of Vi. Si depends upon which is the 
resultant of Wi and Ma (see Fig. 611). ze/a in turn depends upon Q 
and the total cross section Fa of the streams leaving the wheel. 
Fa is measured normal to the direction of w^. Without entering 
into the derivation of the transformed equation, the final form is 

Tr J !• l-rr • r (cOS Oi — cc' COS aa) ViU\ — ^ v 

Hydraulic Efliaency Eh == -=- - -'- -> (35) 


in which ai and 02 are the angles indicated in Fig. 611, Vi is the 
absdute velocity of the water entering the wheel, »i is the velocity 

jR 

of the inner end of the vane about the center of the wheel, c *= —i 

Ml 


and c' 


^Ei 

F2 


All of these quantities may now be determined if 


Q and the dimensions of the wheel are known, by constructing a 
diagram like Hg. 611. 



EXPERIMENTAL ENGINEERING 


1058 


Equations (34) and (35) give the actual hydraulic efficiency of 
wheel and setting, because h is the total head from the level in 
the head bay to that in the tail race. Losses due to friction in 
penstock, to shock at wheel entrance, to kinetic energy in water 
leaving, etc., may each be expressed as an equivalent loss of hea>d h\ 
so that the net head will be A — A'. The efficiency equation may 
then be modified to express the actual efficiency of any part of the 
installation. 

Equation (35) involves only turbine dimensions, wheel velocity Ui 
and velocity of the water entering the runner. Since from any 
test may be found for any value of «i, the actual hydraulic 
efficiency may be readily computed. 

The actual or gross efficiency is, of course, the useful work done 
by the turbine, as determined by Prony brake or other means, 
divided by the available energy. If Wa represents the useful work 
in foot-p>ounds per second, so determined, the actual (sometimes 
called gross) efficiency will be 




JLt 

QSh 


(36) 


Actual efficiencies for the turbines range in practice from 80 to 
90 per cent. 

In the above development of the equations, the head h was taken 
to be the distance between the surface level in the head bay to the 
level at which the turbine discharged in air. Discharge into air 
is not the usual case. The turbine is either submerged, that is, 
placed below the level of the water in the tail race, or, if placed 
above the level, it discharges into a draft or suction tube. 

In the case of the submerged wheel, the head h which is to be 
used for computing the available energy supplied to the wheel will 
be the distance from the surface of the water in the head bay to the 
level of the water in the back bay or tail race. 

The use of a draft or suction tube is primarily for the purpose 
of making the turbine accessible, and it is found that if the tube 
is properly designed there will be no appreciable loss in efficiency. 
The end of the tube must be kept submerged and the tube must be 
air-tight. It need not necessarily be vertical. If hi is the height 
in feet from the discharge periphery of the wheel to the level of the 
water in the back bay, and 34 feet is taken as the height of the 
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water barometer, the pressure, in feet, at the top of the draft tube 
will be 34 — A feet. The tube cannot be longer than 34 feet to the 
level of the back bay, or else the pressure at the top becomes nega¬ 
tive and the tube will not remain full. In practice, 25 feet caimot 
usually be exceeded. As far as the effect upon the turbine is con¬ 
cerned, the use of the tube does not affect the head A to be used for 
computing available energy supplied. As before, this is equal to 
the distance between levels of head and back bays. 

If the lower end of the draft tube have a gradually enlarging 
section, it can be shown that there is a saving in energ>",* so that 
turbine efficiencies may be increased 2 or 3 per cent. Such an 
appliance is known as a difuser. 

464. Radial Inward-flow, Parallel-flow, and Mixed-flow Reac¬ 
tion Turbines. — One type of the radial inward-flow turbine is the 
Francis, another is the Thompson Vortex wheel. The best-known 
example of the parallel-flow is probably the Jonval, while most 
American turbines are mixed- (inward and downward) flow turbines. 

Fig. 6i4t shows a Francis turbine. The wheel is supported by 
a collar bearing above the staging 5 . The casting C acts as a 
guide for the cylindrical gate F and also carries the wheel bearing 
B. The water flows as shown by the arrows, being first directed 
by the guide passages against the wheel vanes, flows radially through 
the wheel vanes, and then down and out of the turbine. The work, 
however, is done while the water is flowing radially. This type 
of turbine is sometimes called center-vent turbine. It may be sub¬ 
merged or discharge above the level of the back bay into a draft 
tube. 

The Thompson vortex turbine differs from the foregoing in the 
method of controlling the quantity of water and in some details 
of guide- and wheel-blade design.J 

The principle of the Jonval turbine is illustrated in Fig. 615, and 
Fig. 616 shows a double vertical turbine of the type discharging into 
draft tubes. II In Fig. 615 the water is received by the guide passages 

* See Church, Hydraulic Motors, p. 127, 
t Lea, Hydraulics, p, 520. 
t See Lea, Hydraulics, pp. 323 to 336, 
li Church, Hydraulic Motors, p* 125, 
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G and discharged against the wheel \’^anes G' in a direction z?i. The 
absolute path of a particle of water is shown by line AB^ this path 



Fic, 614 — Radi Inw \uji f row Ri aciion Torbini (f ravcis) 



Fig. 615 —pRiNciPtE OF Paraixll-flow Kuachon Turbine (Jonval) 

being at all points practically at a constant distance from the center 
of the turbine shaft. 

Figs. 617 and 618* illustrate the Risdon-Alcott cylinder-gate 

* From the catalogue of the company 
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I’ic. ()i6. — Pa-ir ok Horizontal Parallkl-klow Reaction Turbines, with 
Drakt Tubes (Jonval). 



Fir., 617, — Runner of a Mixed-flow Fig. 618. — Mixed-plow Reaction 
Reaction Turbine. Turbine (Risdon-Alcott). 

mixed-flow turbine. The wheel or runner clearly shows how the 
flow is changed from radially inward to vertically downward. In 
Fig. 618, C is the cylindrical gate which is moved up or down by 
the gearing shown, carrying with it the extension pieces D between 
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the guide blades B. Pieces J? form the upper limiting surface to 
the guide channels at any position of C. Guide blades B are 
fastened to the ring B. 

465. Power and Hydraulic Efficiency of Radial Inward-flow, 
Parallel-flow, and Mixed-flow Reaction Turbines. — It would be 
beyond the scope of this book to enter into any exhaustive discusr* 
sion of the theory of these turbines. For this the student must 
be referred to books on Hydraulics and Hydraulic Motors. The 
main concern here is to establish theoretical efficiency standards 
for comparison with actual efficiencies obtained on tests. 

Velocity diagrams may be drawn for entrance and exit of each 
wheel, similar to the one outlined in Fig. 611. It will be found, 
after going through a demonstration like that in Arts. 461 and 463, 
that the final formulas there developed generally apply also to the 
case of the other wheels, that is, the equations for power and 
hydraulic efficiency are practically the same. To point out some of 
the changes and approximations in the use of the hydraulic effi- 

ciency formula, note first that c == —^ is equal to i.o in the axial 

Ki 

flow, and is less than i.o in the inward- and mixed-flow turbines, 
because Ri is always the radius at the inlet and i?2 that at the 
outlet. Second, the formulas were derived on the assumption that 
R\ and Ri are constant. In the axial-flow turbine this is not quite 
true, but a fair approximation is possible. In the mixed-flow tur¬ 
bine, however, the outflow radius varies through a wide range and 
it is not easy to determine a fair value for R^. 

466. The Testing of Watei Motors. — The objects of the test 
usually are the determination of efficiency and capacity at some 
constant speed of operation. Tests are run with various "gates,” 
meaning different positions of the gates to control the admission of 
water, to determine variation of efficiency and power with variation 
in quantity of water supplied. Tests may also be made with vary¬ 
ing heads of supply and at various speeds. There are also a number 
of special investigations that may be made.* 

Tests for efficiency and capacity with various gate openings at 

‘ * See the article by Schuster in the Zeitsekrift des Vereins deutscher Ingenkure for 

methods of determining pressure and velocity conditions in the wheel of a Francis 
turbine. 
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one speed are often ^ply tests to determine whether manufac¬ 
turers’ guarantees are met. To bring out the full characteristics 
of a given wheel, however, a series of such tests at different speeds 
is desirable. 

The test of any type of water motor calls for the determination 
of the following items: 

A. Volume or weight of water used in a given time. 

B. The head through which the supply acts. 

C. The power developed. 

D. Speed of operation and gate opening (the latter of course 

applies only to turbines). 

(A) Volume or Weight of Water Supplied. —The methods of deter¬ 
mining the water supplied for a large wheel practically narrow down 
to a weir or current meter measurements in the tail race and to Pitot 
tube readings, if the conduit is closed. For the necessary precautions 
to be observed in these measurements and the method of comput¬ 
ing the flow, see Chap. XII. See also the apron method of meas¬ 
urement in the same chapter. Measurement in head bays, if of 
regular construction, may be made by means of current meters and 
Pitot tubes. 

For small wheels, the water supplied may often be measured at 
the inlet as well as at the outlet. Small flows may be caught in 
tanks and actually weighed. Somewhat larger flows may be deter¬ 
mined in weir boxes. This is a good method in laboratory inves¬ 
tigations. If the water is delivered to the wheel in a dosed pipe, 
water meters, Venturi tubes, and Pitot tubes (see Chap. XII) be¬ 
come available. If the water is supplied through a nozzle, as in 
the Pelton or Doble wheels, the discharge from the nozzle (*= water 
supplied to the wheel) may be found from the discharge coefficient 
of the nozzle and the pressure on the nozzle. 

For turbines which are set in a penstock, the leakage of the pen¬ 
stock should be determined and allowed for, if the measurement of 
water supply is made by some means in the head bay. 

(B) The Supply Head. — This may be determined either directly 
by measuring the vertical distance between surfaces of water in head 
and back bay, or indirectly by means of pressure gauges. 

The first method is used where the heads are not great and where 
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a datum plane of measurement may be easily established. The 
head so measured should be corrected for loss of head at entrance 
to penstock and loss due to friction in penstock, to give the effective 
head h on the turbine. These losses are not properly chargeable 
to the turbine as a machine. In properly designed installations 
these losses should be small. 

When the water enters the turbine through a pipe, a pressure 
gauge may be placed in the pipe near the turbine to register the 
pressure head. To this pressure head, reduced to feet, must be 
added the velocity head in the pipe at the point where the static 
pressure is measured. The sum gives the head on the turbine at 
that point. To obtain the effective head //, add to this the vertical 
distance from the center of the gauge to the level of the water in the 
tail race. That is. if p is the prcs.surc registered by the gauge, v 
is the velocity in the j)ipe as computed from quantity flowing and 
cross section, and h' is the distance from gauge to tail race, the 
effective head will be 

/,= + (37) 

in which h = weight of one cubic foot of water. 

In impulse wheels, like he Pelton or Doble, the head h is deter¬ 
mined by the same equation, except that here // is the distance in 
feet from the center of the gauge to the center of the nozzle. 

In either case the sum of (-- ) might have been found 

\ 5 2 g/ 

directly by using an impact tube, instead of static pressure tube, 
to determine the total pressure in the i)ipe. 

(C) The Power Developed. — Equations for theoretical power 
developed have been given in previous articles. In the actual case 
the power developed is best determined by some form of absorption 
dynamometer, like the Prony or fluid friction brake (see Chap. X). 
If the turbine is direct-connected to an electric generator, the out¬ 
put of the generator corrected for efficiency may be taken to be the 
power developed by the wheel. Where neither of these methods 
can be used, and a sufficiently long length of shaft is available, some 
type of torsion meter (see Chap. X) may possibly find appUcatjon, 
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(Z?) Speed and Gate Opening. — In high-speed wheels, the revolu¬ 
tions should be determined by some form of indicating or recording 
counter. For slow-speed wheels the ordinary counter may be used, 
although, since the power developed is a direct function of the speed, 
it is desirable in any case to have recording devices in order to 
determine the revolutions as accurately as possible. 

In turbines it is necessary' to have the gate-control arrangements 
calibrated or properly marked so that the ratio of the “ part gate ” 
to “full gate ” can be readily set and determined during the tests. 

The necessary length of a “ run ” in a series of tests depends only 
upon the length of time required to accurately determine the flow 
of water after the conditions for the run have been adjusted and 
have become constant, d'his length of time of course differs with 
the arrangements made for measuring the flow. 

467. Report and Computations, - The form on page 1066 shows 
the observations necessjiry for a test of a water motor, together with 
the principal computations. It is assumed that a Prony brake is 
used to determine power develofxjd, and that the flow is measured 
b)' a weir in the tail water. 

Make runs as follows; 

{A) With constant speed and a given head, vary the load from 
light loads to overloads, using, say, six different loads to obtain 
sufficient data for graphical representations. Compute the items 
called for on the blank. 

{B) Repeat at the same loads for a number of speeds in a series 
from the lowest to the highest practicable, keeping the head 
constant. 

(C) If it is possible to change the' head, vary it by a series of 
steps and for each step repeat series A and B. 

The form needs little explanation, the meam’ng of most of the 
quantities having been given in previous articles. For the com¬ 
putation of “total effective head,” see Art. 466. The actual or 
gross efficiency is the ratio of D.H.P. (reduced to foot-pounds) 
to the available energy Wh. The ratio of velocity of periphery of 
wheel to velocity due to the head h is, in the case of the impulse wheel, 
computed to show how nearly the wheel meets the requirement 
that for maximum efficiency the ratio of these speeds is about 0.5, 



TEST OF WATER MOTOR. 


1066 


EXPERIMENTAL ENGINEERING 





V 

tsC 

S 

o 


*23 

§ f. 

N 

is 

s • 

n 


g 


•5 


pa 




$ 


w> > 

na L 

I I 

Q O 


pwjj 01 »Ti<i Ji^popA 

01 P9HM }o jCj9iidu^^ 
p >C;poj3A 


;i»D Jtod ‘XDuapcga 
8SCM0 «> 


■(¥At -) 
‘ainmpf aad 
vCHi^u^ aiquipsAy 


(JHa «) 

idMoj; dgjoH padoiaAdQ 


‘ sqi ‘pRCKj aipug ^ 9 ^ 


*qi ‘3|«3S 

a-^Rjg JO »ttrptw>i 


‘3)nuij\[ 

jrad fiuoijnfOA^^ 

; 

•j^Tuno^") uoiinjOAd^ 


t 

jad spuno^j 

• 

3f 

(0 *») pBO30<; 
jpd laaj ojqn^ 

1 • ■ 

1 ..■„ ■ •„ 

jdAO wjRAV 


1 


qy «.) y ‘jo^opj uo 
pTOH wiox 

■ ■ ■ : 1 

•ai -be wd -sqi 
^ddng bo 9$nvr) 


(aaiqanx ^ ioj) 

»J«r) ntlX OJ 9JB0 

md p 

’ : ; : : 


' t 























HYDRAULIC MACHINERY 


1067 


In the rq)ort compute, for the conditions for which best actual 
efficiency was found, the theoretical power and the hydraulic 
efficiency. (See Arts. 458 and 459 for these computations for the 
impulse wheel and Art, 463 for the equations for the reaction 
turbine.) 

Represent the results of the tests graphically by drawing the 
following curves: 

For a turbine, for a given head and constant speed, plot as 
abscissae ratios of “part gate ’’ to “full gate,” and as ordinates (o) 
horse power developed, (b) actual efficiency, (c) quantity of water 
per second. 

For an impulse wheel, for a given head and constant speed, plot 
as abscissae quantity of water supplied per minute or per second, 
and as ordinates (a) horse power developed, (b) actual efficiency. 

If either type of water motor were tested at other speeds, plot 
these curves for each speed. 

Include in the report, if possible, drawings to scale to show the 
setting of the motor, the principal dimen.sions of motor, penstock 
or supply pipe, discharge tube, etc., and location and arrangement 
of testing apparatus. 


PUMPS. 

468. Reciprocating Pumps.-- These are usually steam-driven, and 
in that case their testing is considered under the head of pumping 
engines in Chap. XVIII, to which the student is referred. Where 
the prime mover is an electric motor, or the pump is operated by 
belt, the arrangements for testing the water ends reraiiin the same. 
The input to the electric motor multiplied by the motor efficiency 
gives the power delivered to the pump. Where a pump is belt-driven 
some type of transmission dynamometer if one can be applied, 
(see Chap. X) is the best means for determining input. 

469. Rotary Pumps. — These pumps are often confused with cen¬ 
trifugal pumps, but they are distinctly different (see next article), 
although, of course, the centrifugal pump is a rotary pump in the 
broad sense. 

There are a number of rotary pumps on the market, differing 
mainly in construction of impeller. One type is that exemplified 
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by the rotary blower, Fig. 562, p. 942. The advantage of these 
pumps seems to be that they possess no valves. On the other hand, 
it is difficult to keep them tight along the surfaces in sliding or 
rolling contact, so that the slip is very high against medium or light 
heads. The effidency is correspondingly low. 

The pumps may be operated by any type of prime mover, but are 
very often belt-driven. Their testing does not differ essentially 
from that of centrifugal pumps. 

470. Centrifugal and Turbine Pumps. — These pumps are closely 
related to turbines; in fart, the radial outward-flow turbine could 
be made to pump water, if it were operated in a reverse direc¬ 
tion by an external source of power. It will consequently be 
found that the equations developed for this turbine very nearly 
apply to the centrifugal pump, but it is perhaps better to develop 
a separate theory for the pump. 

471. The Action of the Centrifugal Pump. — The following ex¬ 
planation of the action of a simple centrifugal pump follows mainly 
that of Hoskins.* No attempt will be made to discuss shapes of 
guide or impeller vanes, or proper angles of entrance or exit, the 
intention being merely to show how such a pump succeeds in lifting 
water. 

If a simple vertical cylindrical vessel, A (Fig. 619), partly filled 
with water, is rotated about its vertical axis XT, the water soon 
takes up the motion of the cylindrical shell, and 
the two move as one body. It will be noted, 
however, that the surface of the water takes on 
r a curved form, rising at the circumference and 

- falling at the center. At any one speed of ro¬ 
tation the rise and fall will be a definite amount 

- above and below the original leveL It can be 
shown mathematically that the surface is a pa¬ 
raboloid of revolution, and that the distances DE 

and DF are equal. Let the head of water over the bottom at 
the point £ be = /?, then the head at any other point, such as G, 
will be == A -f y. This extra head y is caused by the velocity c 
with which the particle of water at G revolves around the axis 

* Hoskins, Twtbook on Hydraulics. 
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XY, its position being due to the energy of rotation. The poten¬ 
tial energy of the particle G of weight IT at a distance y above 
the low point E is evidently = Wy, and ^s must be equal to 
W c* 

the kinetic energy —. - • From this y that is, y is the head 
g 2 2g 

corresponding to the velocity c of rotation. 

Next take a closed vessel A of the shape shown in Fig. 620, assume 

that this vessel is completely filled with water, and that there is in 

the vessel a paddle wheel B rotating with uniform velocity about 



Fig. 620 Fig. 621. 


the axis XY. Then the body of water will take up the motion of 
the wheel, revolving with it (all effects of friction neglected). From 
the statement of the previous paragraph, there should then be set 
up pressures in the fluid var}dng from center to circumference as 
the square of the speed, and if piezometer columns C and D are 
inserted as shown, the liquid will rise to the heights indicated, that 

at C being equal to~, that at Z? to^, where Ci and Cj are the 

2g 2g 

velocities indicated. The pressure head at D, therefore, exceeds 
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that at C by — ^^feet. This is the fundamental principle 

upon which the centrifugal pump operates. 

To make the application of this to the pump a little clearer, 
consider Fig. 621. Here the wheel B revolves in the case A which 
is surrounded by an outer case A'. A commxmicates with A* 
through a number of passages 00 . Water is furnished from a 
reservoir R under a head hi. If the wheel B stood still, the water 
would rise in the pipe Jl/iV to the same height hi above the center 
of the wheel. But if the wheel is now rotated by external i)ower, 
the pressure in the outer vessel A' will rise in the delivery pipe MN 
to some greater height hi. 

The strong resemblance of even this crude construction to the 
actual centrifugal pump is very striking. See Fig. 622,* which shows 

the construction of a horizontal 



Fig 622. — Hokizontai. Centkifugal 
Pump. 


centrifugal pump. The wheel B, 
rotating in the chamber A, is 
formed of an upper and lower 
sheet, the space between which 
is divided into a number of pas¬ 
sages by vanes, corresponding to 
the arms of the paddle wheel, 
'these vanes are not radial, like 
paddles, but generally of a curved 
shape, as shown, because that 
form is more efficient. Neither 
do they extend quite to the center, 
but leave a central opening B' 
for the suction water to enter. 
The water pumped enters the 
chamber A', from which it flows 
into the discharge pipe MN. 
The water is raised from the 


level of the supply by suction through a height h, and is delivered 
through a height h^, so that the total lift is h, + h^. 

A centrifugal pump cannot commence to discharge unless the 


* From Lea, Hydraulics, p. 393. 
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wheel, casing, and suction pipe are full of water. For this reason, 
either a foot valve V must be provided in the suction pipe, or 
arrangements must be made so that the pump may be primed after 
it is started up. 

The modern centrifugal pump is usually run upon a horizontal 
axis. The various constructions, by different makers, differ mainly 
with respect to shape of impeller passages, and means employed to 
convert the high velocities of the water leaving the impeller into 
useful pressure head, thus raising the efficiency of the pump. The 
following classification and discussion of characteristics Is due to 
Prof. G. F. Blessing.* 

I. Impulse Pumps without Volute (Fig. 623). — This is the cheap¬ 
est and least efficient form. The impeller is a close fit in the 




Fig. 623. — Impulsk Pump without Fig. 624. — Pump wira Volute, no 
Volute. Whirlpool Chamber. 

concentric casing, and di.scharges the water at high velocity into 
the casing, in which there is no provision made for reducing the 
high velocity. These pumps are not much better than simple 
rotary pumps, because the water can be discharged from each 
passage for only about one-quartei; of a turn. They are used 
mostly agaimst small heads, — 2 to 6 feet, — and show efficiencies 
ranging from 30 to 45 per cent. They are largely used in dredging 
or irrigating operations, and show good resistance against shock or 
wear caused by solid material carried by the water. 

II. Pumps with Volute, but without Whirlpool Chamber (Fig. 624). 
— The construction differs from the foregoing mainly in that a 
spiral discharge pipe, the volute chamber, is added to the casing. 
The form of the volute is practically that of the spiral of Archimedes, 


* Sibley Journal, April, 1908. 
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that is, its cross section increases from practically zero up to the full 
area of discharge in such a manner as to keep the velocity of water 
in the chamber practically constant while the wheel is discharging 
all around the circumference. As in class 1 , no special provision 
is made in this class to convert the kinetic energy of the water into 
static pressure. Some transformation does take place, — that of the 
tangential component of the velocity with which the water leaves 
the impeller, — but the radial component is lost. The advantage of 
this type over class I, however, exists in the fact that the impeller 
is continuously discharging all around the circumference. This 
type of wheel is used for heads from 5 to 50 feet, and may show 
efficiencies up to 60 per cent. 

III. Pumps with Volute and Whirlpool Chamber (Fig. 625).— 
The whirlpool chamber is a i)assage of annular ring form which is 
inteiposed between the impeller and the volute chamber. K'he 
water discharges into this chamber (which is usually filled with 
vanes having the same direction as the .stream lines) with high 




Frc. 625. — Pump with Volute and Fic.. 620 — Pump with Vui.urr and 
Whiklpool Chamber. Bf.li-mouth Discharge. 

velocity of whirl, by which is meant the tangential component of 
the absolute velocity of the water leaving the impeller. The water 
continues rotation in the whirlpool chamber, changing velocity into 
pressure head in so doing. The increase in efficiency due to the 
whirlpool chamber depends upon the construction of the latter. 

IV. Pumps with Volute and Bell-mouth Discharge (Fig. 626). — 
These pumps are the same as class II, except that the discharge 
pipe gradually enlarges, to convert velocity into pressure head. 
This construction is of importance for pumps of low lifts; for those 
discharging against high heads it does not add much to the effi¬ 
ciency. When the velocity of water in the volute cliamber is about 
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15 feet per second (common figure), the gain in head due to the bell- 
mouth discharge is usually less than 3 feet, which may, of course, 
be a large percentage for a low lift, but a small percentage for a 
high head. 

V. Single-stage Turbine Pump (Fig. 627). — The special feature 
of turbine pumps is that the impeller discharges into a number 


of expanding nozzles, which in 
turn discharge into a concentric 
case. The ring containing these 
nozzles is called the dijjuser, and 
the function of the nozzles is to 
convert kinetic energy into pres¬ 
sure head before the water 



reaches the discharge chamber. 
I'heir function is thus the same 


Fig. 627. — SlNGTE-STVGE 
TuRBiNb Pump 


as that of the whirlpool chamber, but the latter is not suited to 
great reductions of velocity unless it be made very deep, which 
would make the pump very bulky. The turbine pump is used as 
a single-stage pump for heads from 50 to 150 feet and may give 
efficiencies exceeding 80 per cent. 

VI. Multistage Turbine Pump (Fig. 628). — The single-stage 
turbine pump, if used against a high head, requires high velocities 



Fig. 628. — MctTisTAOE Turbine Pump. 


of rotation, which causes excessive skin friction between metal and 
water. To overcome this, the pump is compounded by mounting 
several impellers on the same shaft. Each impeller operates in a 
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separate chamber and forms a complete pump in itself, the first 
delivering the water to the suction of the second, etc. Multi¬ 
stage pumps with 8 stages delivering against 2ooo-foot head have 
been built. 

472. Theoretical Power, Manometric, Hydraulic, and Actual 
Efficiencies of Centrifugal Pumps. — If the action of a pump im¬ 
peller is analyzed in the same way as was done for a turbine runner 
of the radial-outflow type, which, as stated, is an exactly parallel 
case, a formula of the same form as equation (32) may be developed 
for the work done upon the water. This equation is 
W 

L — — iuiSi — ft.-lbs. per sec. (38) 

g 

The meaning of « and s may be read from Fig. 611. In the case 
of the turbine runner, the velocity U\ is higher than %, and L is 
positive, meaning that the water does work upon the runner. In 
the case of the pump impeller, u« is greater than Ui, hence L is neg¬ 
ative, which means that work is done upon tlie water. To avoid 
the use of the negative sign, we may write theorelical work done 
upon the water 

W 

= Z. = — {u^Si — UiS\) ft.-lbs. per sec. (39) 

g 


The water enters the impeller practically radially, so that Si =* 
®iCosai = o (see Fig. 611). We also have = Ui + Wi cos aj. 
The theoretical work then is 


L = 


W 

g 


«2 («4 -f Wit cos a2) ft.-lbs. per sec.. 


(40) 


in which Mj = tangential velocity at exit from impeller passage; 

Wi =* velocity of water relative to vane; 

02 = angle between and wz (see Fig. 611). 

Wi may be computed from the quantity Q of water flowing per 
second and <*2 is known from wheel dimensions. 

If the theoretical work done is divided by the weight W of water 
flowing, the result will be the theoretical total lift or head. This 
then is equal to 
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The actiial gross head through which a pump operates is in prac¬ 
tice found as follows: 

Connect a manometer to the suction pipe of the pump close to the 
latter, and let the reading of this manometer, when the pump is in 
proper operation, be equivalent to a static head of h, feet, measured 
above atmosphere. (The reading will usually be inches of mercury, 
which must be reduced to the equivalent water column h, in feet.*) 

Connect a pressure gauge to the discharge main close to the 
pump, and let the reading of the gauge be equivalent to a discharge 
head of hd feet, measured above atmosphere. (The reading will 
usually be in pounds per square inch.) 

Let the velocity of the water through the suction pipe, at the 
point where h, is measured, be v, feet per second, and the velocity 
through the discharge main at the point where ha is measured be 
Vd feet per second. These velocities are computed from the quantity 
of water flowing and the dimensions of the mains. 

Let the water barometer (atmospheric pre.ssure) = K feet (about 
34 feet). 

Now, on the basis of Bernouilli’s theorem, write the energy 
equations for the two points. Neglect friction between the points, 
for that is directly chargeable to the pump, if the pressure-measuring 
instruments are connected ver> close to the pump casing, as is 
assumed to be the case. If W is the quantity of water flowing per 
second, and h the gross head in feet produced by the pump, the 
energy imparted to the water in passing through the pump is 
evidently = Wh foot-pounds. Exi>ress the total j)ressures acting 
at the two points of measurement as absolute pressures, and let the 
vertical distance between the point of manometer connection to 
the center of the discharge gauge be hi feet. Then the energy 
equation will read 

Suction Side DmeharRO Side 

~.cHe«d ^ ^ 

IT I A, -h (± A.) + I = w(h, + hd + hi+ - m (42) 

* kg may be intxinsically positive or negative. If the pump is supplied with water 
under some pressure, then is intrinsicaily positive, and in the equation must be 
written » (+ Ae)- Ht on the other hand, the pump lifts the water, As is intrinsically 
negative, and must be written » (— 
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Now, assttming that the pump lifts water, so that h, is intrinsically 
negative, we have, canceling W, 

Aj, + (— A.) + = Aj, + + Aj H —- h, 

2 g 2g 

from which the gross head through which the pump operates is 

h^{h + h, + h,-\- ft. (43) 

Similarly^ if the pump receives water under pressure higher than 
atmospheric so that is intrinsically positive, we have 

h = Ik -h. + K+ ~ ft. (44) 

V 2g / 

It should be noted here that K and h, are not simply the actual 
vertical distances from the point where the gauge is connected to 
the discharge level, or from the point where the manometer is 
connected down to the suction level. In each case K and h, 
include besides this the friction loss in the pipe. To find K and h, 
simply by measurement of the actual distances assumes negligible 
friction losses in the piping. 

The useftd head pumped through is equal to 

hu = {hj + K' + K) ft., (45) 

where hj is the actual lift from center of gauge to discharge level 
and h,' is the actual suction lift in feet. 

Manometric or Hydraulic Efficiency of a centrifugal pump is de¬ 
fined as the ratio of the actual gro.ss head pumped through divided 
by the theoretical total head; that is, 




, h,i +• h, h\ ~ 

_ IL. 

11 Ui(th + lih cos aa) 

S 

glK + K + K+^-l-^) 

_ 2g I 

Uiiut +W3. cos as) 


(46) 


The hydraulic efficiency is by some writers computed on another, 
though equivalent, basis and is defined as the ratio of the total 
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work done by the pump to the power input to the wheel. The 
latter is not the theoretical input L of equation (40), but the total 
input to the pump less the power lost in axle friction. Let Li 
be the actual power input in foot-pounds per second, and be 
the power lost in bearing friction. The input to the wheel is 
La, and, by definition, hydraulic efficiency then is 


Lz 


W[hi hf hi -\- 




2 _ 




3 ^ 


(47) 


The actual efficiency is of course always determined by the ratio 
of total work done by the pump to the total energy input, so that 




Wh 


\hi 


W{hi + h, + hi -h 


V/ 


11 . 




Li 


(48) 


473. The Testing of Rotary and Centrifugal Pumps. — The test 
is usually for jwwer input, capacity, and efficiency. The deter¬ 
minations and observations required are; 

(ri) Power input; 

{B) Quantity of water pumped; 

{C) Total and useful heads pumped against; 

(Z?) Power output (foot-pounds j>er minute or horse power); 

{£) Speed. 

(A) Power input is determined by any of the means already 
described if the prime mover is direct-connected (steam engine or 
turbine, electric motor, etc.). When bell-driven a transmission 
dynamometer should be used. 

(B) The quantity of water pumped may be determined either 
on the suction or discharge sides by Pitot tubes, by common water 
meter or Venturi meter on the discliarge side, or by nozzles, ori¬ 
fices, or weirs, as may be convenient (see Chap. XII for available 
methods). 

(C) Manometers and gauge are connected to suction and dis- 
diarge mains and readings taken, as outlined in previous paragraph. 
The suction and discharge heads may be varied at will, if desired, 
by placing throttle valves in the suction and discharge mains, the 
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former below the measuring instruments in the suction pipe, the 
latter beyond the instruments in the discharge pipe. 

(D) The power output is equal to Wh foot-pounds per second, 
if W ^ water pumped per second and h is total head in feet. 

Horse power is then -- 

55 ° 

(£) Speed should be taken by some recording form of counter. 

As in the turbine, the length of each lest is determined mainly by 
the time necessary to make sure of the rate of flow of water, after 
conditions have become constant. 

The following forms are used at Sibley College in the testing of 
a small centrifugal pump. The pump is belt-driven by a direct- 
current motor, and a weir is used to measure the discJiarge. In 
view of the explanations given in previous articles of this chapter, 
none of the items need any further explanation, with the excep¬ 
tion, perhaps, of the item “ Duty.” The B.t.u. supplied the 
pump is in this case obtained by converting the applied horse 
power or power input to equivalent heat units per hour by multi¬ 
plying by 2545. 

TEST OF CENTRIFUGAL PUMP. 

L0g Shevt. 

Date of Test.19 . Observers,. , . 


Details of Weir: Type . ,; Length, ft. ; Hook-gauge Zero, 


Number. 

Time. 

Reatling 
of Manoti)' 
cter 

(in. ngX 

Reading 
of Gauge 
per 

Mj in.) 

Htjok- 

gaufje 

Rcwiding. 

! R.P.M. 
of 

Motor, 

R P M, 
of 

Pump. 

Am 

Volts. 

Watts. 


















1 ... 

i 








i 








i 


. 
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TEST OF CENTRIFUGAL PUMP. 
Result Sheet. 


Type of Pump.. 

Details of Impeller: Diameter, inches.; Width, inches 


Diameter of Suction Pipe, inches.; of Discharge T’ipe, inches 


Run Number. 

X 

* 

.. 

3 

4 

5 

6 

Av. suction head, hy manometer, fl., hs 
Av. discharge head, by gauge, ft., hd.. 
Distance between manometer and gauge, 
ft., hi .. 

Velocity head in suction, ft, ... 

Velocity head in discharge, ft, ~. 

Total head, feet, A... *. 

Hook* gauge reading. 

Head on weir, feet... 

Discharge, cu. ft. per sec., Q...... 

R.P.M. of motor. 

R.P.M. of pump. ... 

Velc^dty of perii)hcry of impeller. 

VeI(K'ity in discharge main, ft. per .see., Vd 
Velocity in suction main, ft. per sec., .,. 

Amperes. 

Volts. 

Input to motor, H.P. 

Efficiency of motor, per cent. 

Input to pump>, A.H.P.I 

Pounds of water discharge per sec., W . 1 
Actual efficiency of pump, per cent, Ea .. 
Hydraulic effidency, per cent, Eh 
Manometric efficiency, pcx cent, Enmn . . 
Effidency of set, motor included, per cent 
Capacity in gallons per min.... 

Duty in ft.-lbs. per 1,000,000 B.t.u. sup¬ 
plied. 

\ 

1 

1 

I 

i 

j 



i 



474. Scope of Tests and Report. — The following series of runs 
may be made on the pump; 

(A) With speed and suction head constant, vary the discharge 
head by controlling the valve in the discharge main. 

(B) With speed and discharge head constant, vary the suction 
head. 

(C) Repeat series (A) and (B) for a series of different speeds. 
To exhibit the characteristics of the pump, draw the following 

curves: 
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With capacity in gallons per minute as abscissas, use the follow¬ 
ing ordinates: (a) head h in feet; {h) useful horse power; and (f) 
actual efficiency. 

If a series of speeds are used, one set of such curves should be 
drawn for each speed. 

475. The Pulsometer. — This is a pump in which the direct 
pressure of steam upon water is used to drive the water out of a 
chamber and up a discharge pipe. Figs. 629 and 630* show two 

sections of a pulsometer. 

Qg np It consists of two chambers, 

Qpjl ^1.42, separated by a parti- 

tion a. The chambers are 
connected to a common suction 
Sa\\. ^ through suction valves 

/ \ communicate 

\o ff ^ common discharge 

I I chamber if” by discharge valves 

i -Jfe Ih and A. Chamber W con- 

r MS™®® nects with the suction pipe 
through a side passage and 
J C "AiS serves as an air chamber. The 

valve E controls the course 
of the steam, the supply of 
which is regulated at C. 

Ficb. 629 AND 630.—PuLsoMitiEK. lu thc positjon shown, with E 

closing the left-hand opening, 
the water is rising in 24 i, being open, while the pressure of the 
steam on top of the water in Ai forces this out through A into 
K and up H. The speed of operation in the two sides is so con¬ 
trolled that, as the water is all pushe<l out of As, the water in 24i 
has risen nearly to the top, pushing any air that may be in ^ 4 ) ahead 
of itself against the valve E. At the next instant, steam starts to 
escape through A and is rapidly condensing or mixing with the 
water in K. This causes the pressure in At to fall to such an extent 
that the overpressure in Ai pushes the valve E over to the right- 
hand seat. It is understood, of course, that the pressure in Ai, 

* Mechanics of Pumping Machinery, Weisbach & Hermann, p. 287. 
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up to the instant the valve E shifts, is not up to atmosphere, be¬ 
cause it is produced by water flowing into Ai under the influence of 
atmospheric pressure, but the pressure difference between Ai and 
Az is enough to throw E. The steam then does work in Ai while 
Ai is filling. The operation is then repeated. 

The rapidity with which a chamber is emptied depends of course 
upon the steam pressure. It is essential for steady operation that 
the filling and emptying operation should take about the same 
length of time. To regulate this, each chamber is fitted with an 
air valve L opening inward, so set that at each operation a certain 
amount of air is taken in. This controls the pressure in the suction 
chamber and hence the time of filling. The rapidity of emptying 
is controlled by regulating the valve C. 

The analysis of the operation of this instrument is very similar 
to that of the steam injector, except that the steam acts by pressure 
and not by impact. 

Let w — weight of steam used per hour; 

IV = weight of water pumped per hour; 

hd ~ discharge head in feet; 

h. = suction head in feet; 

hi = distance in feet between centers of suction and 
discharge gauges; 

p and X — pressure per square inch and quality of steam in 
the main; 

h — temperature of suction water; 

4 = temperature of discharge water. ' 

Neglect changes in velocity heads, as the velocities are low in 

any case. Then, assuming that the loss of heat by radiation from 

the pulsometer wall is R heat units per hour, we may write the 

heat equation , s / s „ , x 

■w{xr + q - qd) = ^ (k - h) + R, (49) 

in which r and q are taken from the steam table for the pressure p, 
and Qd is the heat of the liquid corresponding to the temperature 4. 
It is here assumed that the steam loses no heat in passing the ad¬ 
mission valve. If it is possible to make a close approximation to 
the value of R, and W is determined, the amount of steam w used 
may be approximately computed from the equation. For an 
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accurate test, of course, both W and w should be determined for 
which the injector set-up described in Chap. XX may be used. 

The heat equivalent of the mechanical work done by the pulsom- 
eter per hour is 


U _ W ha -{- Ai) -h whj 

778 


(50) 


The heat expended in thermal units per hour is 

H = w{xr + q - qa) B.t.u. (51) 

Hence the pump efficiency is 

p _ 4 ~ h g - 4 - ^1) + wAj _ / \ 

H 778 wixr q ~ q^) 

476. The Humphrey Internal-combustion Pmnp. — This pump 
uses the expansion of a combustible mixture of gases, after explosion, 



Fig 631. — Humphrev Internal-combustion Pump. 


for the pumping of water. Fig. 631 shows a conventional sketch of 
the principal parts of a four-cycle pump.* Its operation is rather 
complex, but may be explained briefly as follows; C is a conical 
combustion chamber with inlet and exhaust valves at the top. 
There is also a scavenging valve, which is not shown. An inter¬ 
locking gear is arranged so that either valve / or £ is locked shut 
when the other is operating. Suppose that a charge of gas is com¬ 
pressed in the upper part of C, the water standing at some level in 
C, and let the charge be exploded by spark in the ordinary way. 

* From an article on the Humphrey Internal-combustion Pump, by E. N. Trump, 
in the American Machinist, Jan. s, igii. This article also shows the two-cycle pump, 
applications of this type of pump to air compression, etc. 
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Valves I and E being shut, the pressure generated starts to depress 
the water column, forcing it toward the high-level tank B. The 
pressure falls as the water column attains velocity, so that by the 
time the gas pressure has reached atmospheric pressure the water 
column has condiderable velocity. Since this motion cannot be 
suddenly arrested, expansion below the atmosphere in C takes place, 
which opens both the exhaust valve E and the water-suction valves 
V. Ihe water coming in mostly follows the column of water moving 
towards the high-level tank, but the level will also rise in C in the 
effort to attain the level in the suction tank A. The kinetic energy 
of the water column is of course finally used up in forcing part of the 
water into the high-level tank. After this the water starts to surge 
back, filling the combustion chamber C and shutting the exhaust 
valve E by impact. This imprisons a quantity of burned gas in 
the space C’j, which gas, owing to the inertia of the water column, is 
compressed to a pressure higher than that of the static head due to 
the suction tank. A second outward surge of the water column in 
C soon results in decreasing the pressure in G to below atmosphere, 
when the valve I opens against a light spring and a new combustible 
charge is drawn in. The next return motion of the water column 
compresses this charge, and at the moment of maximum compression 
the igniter operates, after which the cycle is repeated. The only 
moving parts of this pump are the valves, and they are all on their 
seats when the explosion occurs. 

The principal measurements required in a test..on this pump are, 
of course, the quantity of gas used and the amount of water pinnped, 
together with the head pumped through. The latter would in the 
case shown in Fig. 631 be the difference between the levels of the 
discharge and suction tanks. A pump of somewhat different 
design from that shown in Fig. 631 has shown thermal efficiencies 
approximating 22 per cent. This pump had a straight cylinder 25 
inches in diameter by 48 inches long, the capacity was about 4000 
gallons per minute, and 35 water horse power were developed. 

The Humphrey pump is also built on the two-cycle principle and 
has been adapted to the compression of air. It is aU*eady being 
built in large capacities, several four-cycle pumps, to have a capa¬ 
city of 40,000,000 gallons in 24 hours, being under construction. 
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477. Pumping by Compressed Air; Pneumatic Pumps, Air Lifts.— 

There are two classes of pumps using compressed air for the raising 
of water. The first class uses the air expansively, and these pumps 
are generally called air lifts. The second uses the air practically 
without expansion. These pumps are known as pneumatic dis¬ 
placement pumps, and operate very nearly on the principle of the 
pulsometer.* 

The principle of the air lift is very simple. The pump consists 
essentially of a delivery pipe let down into the well, and a smaller 

air pipe which connects to the 
discharge pipe somewhere near 
the foot. In the .simi)lest ty']>e, 
the air pijic is carried alongside the 
delivery pipe, is turned upward 
.'ind ends in a nozzle (.sec Fig. 632). 
This is the construction often used 
when th(' delivery pipe is com¬ 
paratively small. In such a rase 
the air does not mix with the water 
to an)' extent. On leaving the 
nozzle it expands to fill the de¬ 
livery pipe and rises in this in 
masses, which may be compared 
to pistons, each separating two 
bodies of water. Where the de¬ 
livery pipe is larger, it is better 
to admit the air through a ring 
Fig. 632. — Pumping by CoMPRi:shi,i> q£ ports around the delivery pipe. 
Air. The Air Lipi. ... . *...1 ..l , 

The air then mixes with the water 

in small bodies or bubbles. The action is the same in either case; 
the water is raised mainly by the buoyancy of tire air, or, as Peelc 
states it, by the agration of the water column which causes a re¬ 
duction of the specific gravity. 

In Fig. 632 let hi be the depth of submergence of the delivery 
pipe to the place at which the air enters, ki this distance when the 

* For a thorough discus&ion of air lifts and pneumatic pumps, see Greene, Pumping 
Machinery. See also Pecle, Compressed-air Plant. 
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well is in operation, and B be the total lift. The pressure of the air 
at the place of entrance is theoretically equal to the head of mixed 
water and air above it in the delivery pipe. As the air rises, the 
pressure decreases and the air e:q>ands, so that near the outlet the 
air pre.ssure is but little above atmosphere. The initial pressure 
necessary is determined by the head of water hi. If the submersion 
is too deep as compared with the net lift H — fh, the pressure 
required is too high, the work required at the air compressor is 
necessarily too great, and the efficiency of the installation is corre¬ 



spondingly low. Too little submergence calls for a larger volume 
of air to produce the required velocity, and this again means low 
efficiency. The total efficiency under best conditions, from the 
foot-pounds of work done at the compressor to the foot-pounds in 
water deh'vered, may be over 50 per cent for low heads (10 to 30 
feet); beyond this the efficiency rapidly falls with the head, de¬ 
creasing to about 20 per cent with heads approximating 100 to 130 
feet. 

A complete test of an air lift requires the determination of the 
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following quantities: (a) air-compressor horse power; (b) volume 
of free air compressed; (c) quantity of water pumped; (d) net lift 
(H — ^ in Fig. 632). The total efficiency is the ratio of the foot¬ 
pounds of work done in water lifted to the foot-pounds of work 
done in compressing the air. 

The principle of the pneumatic displacement pump may be ex¬ 
plained from Fig. 633. Two vessels A and B are connected to 
suction valves CC and discharge valves DD, as shown. E is the 
suction, F the discharge pipe. Air pipes G and H are connected 
to the compressor I through the compound valve K so that air 
may either be drawn from or forced into either vessel. In the 
sketch as shown, the compressor piston is moving to the right and 
is forcing air into cylinder B, forcing out the water, and drawing air 
out of the cylinder A, which fills the cylinder with water. At 
the end of the stroke, B is emptied of water and filled with air, 
while A is filled with water. Valve K is then thrown over to the 
other iJosition and the operation is repeated in the reverse way. 
The height to which water can be lifted depends upon the air 
pressure used. The suction lift is of course governed by the same 
laws as in other pumps. 

A test of a pump of this type requires the determination of 
substantially the same quantities as outlined for the air lift. The 
total efficiency is computed in the same way. 
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TABLE 1. — COEFFICIEN’l'S OF FRICTION (MORIN). 

(Chap. JX, p. 136 ) 




Angle oi 

Coefficient of 




RcpoRC. 

Friction 


No 

Surfaces. 






4 > 

/ >»= tan 4 > 

X +/ 



Degrees 



I 

Wood on wood, dry. 

14 to 26i 

0 25 to 5 

4 to 2 

2 

Wood on wood, soaked. 

11 i to 2 

2 to 04 

S to 25 

3 

Metals on oak, dry. ... 

26} to 31 

5 to 6 

2 to I 67 

4 

Metals on oak, wet. .... 

Ida *0 145 

24 to . 26 

4.17 to 3 8, 

5 

Metals on oak, soapy ... 

iii 

2 

5 

6 

Metals on elm, dry.. 

11J to 14 

, 2 to 25 

S to 4 

7 

llemp on oak, dry . . 

28 

53 

1 8q 

3 

Hemp on oak, wet ... . j 

i8i 

33 

i 3 

9 

Leather on oak .. . . . 

IS to IQi j 

27 to 38 i 

3 7 to 2 86 

10 

1 Leather on metals, dry . . 

; 

5 ^> 

I 70 

II 

Leather on metals, wet. . . . 

20 ] 

•36 

2 78 

12 

Leather on metals, greasy. . . 

13 

23 

4 35 

13 

Leather on metals, oily. . . 


15 1 

6 67 

14 

Metals on metals, dry ,. 

i 8i to iii 

15 to 2 

6 67 to 5 

IS 

Metals on metals, wet ... . 

i6.i 

3 

3 33 

16 

Smooth surfaces, occasionally greased 

4 to 

! .07 to 08 

14 3 to 12. 

17 

Smooth surfaces, continually greased 

3 

05 

20 

18 

Smooth surfaces, best results. ... 

11 to 2 

03 to 036 

0 

e- 

c 

tTi 

rO 

IQ 

Bronze on lignum vitae, wet . . . 

3 ? 

' OS? 

20? 


— The above table i,>. defective, since the pressure per Sfiuare inch is not ipVen Tlie coefficient 
of friction diminishes with increase of pressure, so that in some cases the total friction remains constant. 
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TABLE 2. — TABLE OF BEAUME'S HYDROMETER SCAI.E WITH CORRK- 
SPONDI>JG SPECIFIC GRAVITIES. 

(Chap. IX, p. 246-) 


FOR LIQUIDS LIGHTER THAN WATER. TEMP. 60" FAHR. 


Beoum^. 

Spedfic 

Gravity. 

Bcaum<^. 

Sf>ecific 

Gravity. 

B«aum^. 

Specific 

Gravity. 

Bcaum 6 . 

Spcdhc 

Gravity. 

10 

I.0000 

31 

0.869s 

52 

0.7692 

73 

0.6896 

il 

0 9929 

32 

0 8641 

53 

0 7650 

74 

0 6863 

12 

0 9839 1 

33 

0 

8588 

54 

0 7608 

75 

0 6829 


0 9790 

34 

0 

853 <^ 

55 

0.7507 

76 

0 6796 

14 

0 9722 

35 

0 8484 

S6 

0.7526 

77 

0 6763 

^5 

0 9655 


0 8433 

57 

0.7486 

78 

0 6730 

i() 

o. 9 S 8 <> 

37 

0 

8383 

S8 

0 7446 

79 

0 6698 

17 

0-9523 

38 

0 8333 

59 

0.7407 

0 7368 

80 

0.666() 

i8 

O.U 4 S 9 

39 

0 

8284 

60 

81 

0 6635 

19 i 

0 9395 

40 

0 

8235 

Oi 

0.7329 

82 

0 6604 

20 

0-9333 

4 T 

0 

8187 

62 

0 7290 

83 

c 6573 

21 \ 

0.9271 

42 

0 

8130 

^3 

0 7253 

84 

0 6542 

22 

0.9210 

43 

0 

8092 

64 

0 7216 

85 

0 6511 

1 

0 9150 

44 

0 

8045 

65 

0 . 7 J 7 Q 

86 

0 6481 

24 

0 9090 

45 

0 

8000 

66 

0 7142 

87 

0.6451 

25 ' 

0 0032 

46 

0 

7054 

67 

0 7106 

88 

0 6422 

26 1 

0 8974 

47 

0 

7909 

68 

0 7070 

89 

0.6392 

27 i 

0 8917 

48 

0 

7865 

69 

0 7035 

90 

0.6363 

2« 

0 88(x> 

49 

0 

7821 

70 

0 7000 



29 

0 H805 

50 

0 

7777 

71 

0 6965 1 



30 

0 8750 

51 

1 

0 

7734 

72 

j 0 6q30 ! 

1 * 




FOR LIQUIDS HEAVIER THAN WATER TEMP. 6o'» FAHR 


Boaum 6 

SlKTClfic 

Gravity. 

1 

Beaum^s. 

Specific 

Gravity. 

1 

I 0069 

19 

1 1507 

2 

I 0139 

20 

I 1600 

3 

I 0211 

21 

I 1693 

4 

1 0283 

22 

1.17^ 

5 

1.0357 

23 

I 1885 

6 

1 0431 

24 

1 1983 

7 

1 0507 

25 

I .2083 

8 

I 1.0583 

26 

1.2184 

9 

1 I 0661 

27 

I 2288 

10 

I.0740 

28 

I 2393 

ri 

I 0820 

29 

I 2500 

12 

1 0902 

30 

1 2608 

13 

I.0984 

31 

I. 2719 

14 

t.1068 

32 

1.2831 

IS 

^ III53 

33 

I .2946 

16 

! I. 1240 

34 

1 3063 

17 

1.1328 

35 

i 1 3181 

18 

I.1417 

36 

1-3302 


Bcautn^. 

Specific j 
Gravity. | 

Beaum^. 

Specific 

Gravity, 

37 

I 3425 

55 

I 6111 

38 

I 3551 

56 

1 6292 

39 

13079 

57 

1,6477 

40 

13809 

58 

1 6666 

41 

I 3942 

59 

1 6860 

42 

1.4077 

60 

1 7056 

43 , 

I 421S 

61 

I 7261 

44 

1 4356 

62 

I.7469 

45 

1 4500 

63 

I 7682 

46 

1.4646 

64 

X 7901 

47 

I 4795 

65 

1.8125 

48 

I 4949 

66 

18354 

49 

1.5104 

67 

18589 

SO 

I . 5263 

68 

18831 

51 

i 1 5425 

69 

19079 

52 

I 5591 

70 i 

19333 

53 

1.5760 



54 

I •3934 
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APPENDIX 


TABLE I.- 


3. STEAM TABLES * 

(Chap. XI, i>. 337.) 

-SATURATED STEAM; TEMPERATURE TABLE. 


Temp 

Pressure. 

Sp 
Vol, 

Density, 

Heat 

Fahr. 

Lbs 
per 
sq in 

Inches 
of Hg. 

cu ft 
per lb. 

lbs per 
cu ft. 

of the 
Liciuid 

/ 

P 

- 

V or s 

i/u 

h or q 

32" i 

0 0886 

0. i8aj 

3204- 

0.00030; 

0 00 

33 

0 0933 

0 1878 

3*70 

0 000316 

1 or* 

34 

0 0960 

0 195s 

3052 

0 000328 

2 01 

It 

0 0999 

0 2034 

2938 

0 000340 

3 02 

0 1040 

0 2117 

2H29 

a 000353 

4 <;>> 


0,X081 

0 

« 

0 

272s 

0 000367 

5 04 

38 

0.1125 

0 22 qO 

2626 

0 000381 

0 04 

39 

0.1170 

0 2382 

2530 

0 000395 

7 05 

40“ 

0 X2I7 

0 2477 

2438 

0 000410 

8 

9 05 

4* 

0 1265 

0 2575 

2350 

0 000423 

42 

0-13*5 

0 2O77 

2266 

0 0001iT 

10 06 

43 

0 1366 

0 2782 

2185 

0 000358 

II 06 

44 

0 1420 

0 2890 

2107 

0 000475 

12 06 

45" 

0 1475 

0 3002 

2033 

0 000492 

13 07 

40 

0 153 2 

o.3rrS 

1961 

0 0005*0 

*1. 07 

47 

0 1591 

0 3238 

1892 

0 000129 

15 07 

48 

0.1051 

0 3363 

1826 

0 000518 

16 07 

49 

0.1715 

0 3492 

1763 

0 000567 

.708 

50® 

0 1780 

0.362s 

1702 

0 000587 18 o3 

51 

0 1848 0 3762 

1643 

0 000608 

T9 0(S 

52 

0 t9i7'o.3903 

1586 

0 000630 

20 08 

S3 

0 1989I0 4049 

*532 

0 000653 

21 oS 

54 i 

0 3^3|0 4201 

1480 

0 ooo67(> 

«oH 


0 2r4o}o 4357 

*4^0 

0 000700 

2.3 08 

50 

0 221010 45*8 

t3«X 

0 000724 

24 08 

57 

0 2301 0 4684 

1335 

0 0007 to 

25 98 

58 

0 2385 

0 4856 

I129T 

0 000775 

26 08 

59 

0 2472 

0 S034 

1 * ^49 

0 000801 

27 08 

60" 

0 2562 

0 522 

traoS 1 

0 000828 

28 08 

6i 

0 3654 

0 54* 

ri68 

0 000856 

20 08 

6a 

0,2749 

0.560 

! X130 

0 000885 

.30 08 

63 

0 2817 

0 580 

loot 1 

0 0000*5 

31 07 

64 

0 2949 

0 601 

J058 ; 

0 000946 

32 .07 


0 3054 

0.622 

1024 

0.000977 

33 67 

66 

0.3161 

0 644 

90* 

0 00r009 

31 07 

57 

0 3272 
0 3388 

0 607 

959 

0 001043 

3S 07 

68 

0 690 

928 1 

0 001077 

36 07 

6p 

0 3504 

0 7*4 

Kgo 

0 001112 

37 o() 

70" 

0 3626 

0 739 

871 

0,001148 

38 06 

71 

0 375*10 761 

843 

0 001186 

,30 o(» 

72 

0.3880 

0 790 

8*7 

0 001224 

40 05 

73 

0 4012 0 817 

7Q2. 

0 001263 

4* 05 

74 

f 

0 4i4Sjo 845 

767. 1 

0 OOT3O4 

47.0, 


Latent 

Heat 

of 

Evap : 
L or r 


Total 

Heat 

of 

Steam 

// 


Internal 
Krier^y. 
Bt u 


/IIO7H 3 1012,0 


tociH 


ros'S 


105’, 

1032 


I'1070 
6 |io 70 
o loHo 
5 loSo 
.01 loSi 

?|io8r 
H loSt 
2^1082 
71T0S2 
J11083 

^ 1083 
o T084 
5 1084 

OiloSt; 

51108s 

8{ 108$ 
2{IOSO 
7 loHf) 

T 1087 
0 1087 


Kiilropy. 


Steam. I Water 
|« or <9 


Evup. 

L/T 
or r/'r 


,Temp 

Fahr. 


Steam 
A' or 


1010 8,0 oooo!^ 3832I2 1832 32“ 

1010 <"^0 0020'? *777:3 1707; 33 

1020 0,0 004TI2 1721 2 1762 34 


1020 

J020 


r6<>0'2 1728 


? O 0062j2 

7io 0082'j lOiila 1608, 
1021, 0 'o OIO2I3 2 lf)So| 
ii02i 3{o 0122J2 1503I2 i 62 ’ 5 j 
1021 7 jO oI 4 ?| 2 . 1449 { 2 .I 59 ij 


1022 o'o 0I62|2 iu;i|2 
1022 3^0 0182*2 1341 2 

1022 7 O 0202 2 1287*12 

JO23 ojo 0/2^ 2 1-M4|^ 

1023 O 02 {2 2,1 lKl| 2 


2! I 0 I 0 .t>jI 023 70 0262! 2 U 37,2 

<')‘ioio 0,1024 00 028212 1074:2 
Ijloog > io'’4 4J0 o<,Ol'2 1022I2 
5|10o 8 6 i024 7'0 OUT 2 0970j2 

o IOO7.0 1025 0,0 034Ij2 OQI7 2 

4;ioo7 3 lo?'; 4 0 o^Aija 0865 2 
9 J006 6 J02<) 7*0 0i8i 2 0814 2, 
3 .ioo 8 o|t 026 ijo 0401 2 oyO^I 
71T00'; 3 1026 4|o 04'fo'2.o7i? 
2jioo4 6 1026 7 0 0440I2 oOOoj 


6'io 04 0iI027 IjO oi«:o 2 
I 1003 3jl027 J o 0178 2 
5,1002 7iI027 7*0 0108 2 
0 'i 002.0[1028 I O 0«:i7'2. 

411001 311028 4'o o<; 3 t>, 2 , 

' i 

7 0 0)5*J 2 
I'o 0^:74 2 

4,0 0 S 9 sl 2 

8 0 0^121 2 
r'o 


15 * 5 ^' 
1 5 3 '■(; 
14891 
I 4 S(> 
*4331 

*389! 

1336; 

1 ^2i 
J2yi' 
12581 

I 

I2 2<^ 

119 *^ 

J161 

113- 

iiou! 


ojioS8 
511088 
9 iTo8q 
4 !ioHo 
8 1089 


9 |tOOO 7; 
y looo 0! 
909 y 
99'8 7 
998 o 

907 4 
oof) 7 

9 o 9 O 
995 4 

994 7 

90t.O 

903 4 
992 7 
992 O 
99 r -4 


1028 
io?9 
1020 

1029 

lOiO 

lO-IO 

10^0 

1031 

1031 

roil 


4^0 ofjs'o'a 
8 o oOfnyla 
1(0 0688' 
4|o 070711 
8 0 0726 i 


lOU lio 0745 

10^2 4 O 0794 

1032,8'o 0783 
10^ t. i‘o.o8oa 
1035 4iO 0821 


0609 2 1068 
05 59;3 roi7 
0508'2.1009 
,045812 0975 
.O4o8|2.oy 14, 

035812 0913 
o^o8 2 0882' 
0218*2 0851 
0209 2 0S2J 
0160,2 0791 

OIlo|'i 0760] 
00(12 2 0731' 
ooltb 0701 
0672 
991612 0642 


1 98^)?^ 

t 9821 
I 9775 
T .97261 
1.9678 


2 0613 

2 0585 
2 0556! 
2 0528 

2 0499 


II 

II 

39 

40® 

41 

42 

43 

44 

jr 

ti 

49 

50 * 

51 

52 

53 

54 

ir 

58 

59 

60“ 

61 

62 

ti 

u 

67 

68 
69 

70 ** 

71 

72 

73 

74 


r® « -f 4596; 777.5 per B t.u [log a.89071], A « r/J «= T.286 X io^»; 144 A « 

o 1852 |loK » i 26764] 

For water, at 45** (o 15 lb ),sp.vol.,t''or <t»= 0.0169201 ft perih ; i;V« 62.4lb^. percu. ft ; 
o 0004 B.t.u 

For water, at (o-56 lb,)5 sp. voI.,r'ora M001605 cu. ft peril).; i/p'«» 62.3 lbs. percu. ft ; I44yl^« 
0,001 B.t.u. 

* Published by special p<?,rmisHk)n of Profs. L, S. Marks and H. N. 0 avls, and of the publishers, Messrs. 
Longmans, Green k Co. (sec p. 337). 
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STEAM TABLIS^S. —Continued. 

TABLE 1 .-^ TEMPERATURE TABLE. 










Internal 






Pressure. 

Sp. 


Heat 
of the 

Latent 

Heat 

Total 

Energy. 

Entropy. 


Temp 



Vol., 

Density, 
Ills, per 

Heat 

B.t.u. 




Temp 

Lbs. 

per 

sq. in* 


cu. ft* 
jier lb. 

of 

Steam. 






Fahr. 

Inches 
of Hg, 

cu, ft. 

Liquid 

of 

Kvap, 

Evap. 

'steam. 

Water 

Evap. 

l/T 

Steam 

Fahr. 

/ 

P 

- 

V or A 

T/l* 

k or q 

/. or r 

n 

/ or /> 

£ 

nor 0 

or r/T 

N or 0 

t 

7 f 

0 4288 

0 873 

743 

0 001346 

4 3 os 

1040 S 

1092.5 

990 7 

1033.8 

0 0840 

I 9631 

1 9585 

2 0471 

7 S® 

70 

0 441^2 

0 903 

720 

0 001389 

44 01 

104,8 9 

1093 0 

9^ I 
089 4 
98H 7 

1034 1 

0 0858 

2 0443 

70 


0 4582 

0 QU 

608 

0 0014 33 

45 04 

T048 4 

1093 4 

103^ 4 

0 0876 

I 9538 

2 0414 


78 

0.47^5 

0 964 

677. 

0 001477 

46 

1047 8 

1093 9 

1034 8 

0 0895 

I 0491 

2 0386 

78 

79 

0-41*93 

0 996 

657. 

0.001523 

47 04 

1047 3 

1094 $ 

988 I 

1035 •1 

0 0913 

2.944s 

2 0358 

79 

80" 

0.505 

1 029 

636 8 

0.001570 

48,03 

1046,7 

2094 8 

987 4 

1035 4 

0 0932 

1 9398 

2 0330 

89 " 

8x 

0. Saa 

1 .063 

617,510 001619 

49 03 

1046.2 

109s.a 

«86 7 

1035 8 

0 0950 

1 9.352 

3 0303 

81 

Si 

0 539 

I 098 

598 7jo 001670 

SO 0.5 

1045,6 

1095.6 

g86 I 

1036 1 

0 0969 

£ 9)o6 

2 027s 

83 

83 

0 557 

1 134 

580 5 0 001723 

51 02 

1045 1 

IO^>, I 

985 .4 

1036 4 

0 0987 

r 9260 

2 0347 

§3 

84 

0^575 

1 ,171 

562 gjo.001777 

sa 02 

1044 ? 

1096.5 

98, s 

1036 8 

0 1005 

1 9215 

2 0220 

84 

15 “ 

0 594 

I 209 

545 9 0 001832 

S3 02 

1044 0 

1097 0 

984.1 

1037 I 

0 1023 

I 9169 

2 ozga 

f 5 “ 

86 

0 6t3 

I 248 

529. sjo 001889 

54 01 

1043 4 

1097 4 

9^3 4 

1037 4 

0 1041 

1,9224 

2 0265 

86 

87 

0 6^3 

1 289 

SI i 7)0 ooiQ,i 7 

55 01 

1042 8 

1097 0 

982 8 

1037 8 

0 1000 

1.9079 

2 0139 

IS 

88 

0 654 

I 331 

498 4I0 002007 

56 or 

1042 2 

ioo8 3 

gSa 1 

1038 1 

0.1078 

if 

2 0112 

89 

0 67.5 

I 373 

483 9 jO 002068 

57 00 

1041 7 

1098 7 

9.H1 4 

1038 4 

0,1096 

2.0085 

89 

90" 

0 696 

I 417 

469 3!o 002131 

58.00 

1041 2 

JO99 2 

980 8 

1038 8 

0 1114 

1 8944 

2 0058 

90" 

9 t 

0 7*8 

I 462 

455 sjo 002195 

59 00 

1040 6 

1090 6 

980 I 

1039 I 

0 1133 

I 8900 

2 OOS^ 

91 

92 

0 741 

I 50v8 

442 2 0 002261 

60 00 

1040 0|TI00. 1 

079 4 

1039.4 

0 1151 

I 8856 

2.0007 

9a 

93 

c 765 

1 559 

429 4(0 002320 

60 99 

1030 5 tllOO 5 

078 H 

1039 8 

0.1169 

1 8813 

1 9981 

93 

94 

0 78<j 

I 605 

417 00 00239H 

6i 99 

1039.0 

iiot.o 

978 1 

2040 1 

0,1187 

2 8767 

1 9954 

94 

95 ® 

0 813 

r 655 

405 0 0 002469 

62 99 

1038 4 

ITOI 4 

077 4 

1040 4 

0 1205 


I 9928 

9 S® 

99 

0 8^8 

I 706 

395 4*0 002542 

63.98 

1037 8'not.8 

976 8 

1040.8 

0 123 ^ 

I 8680 

1 9903 

' 90 


0 864 

I 759 

382 2,0 002617 

64 98 

1037 3 

T 102 3 

976 I 

1041 2 

0 1241I 

I 8636 

1.9877 


98 

0 8yi 

J 813 

371 4 

0 002693 

65 98 

1036 7 

1102.8 

075 5 

10.41 4 

0 1259 

I 8592 

I 9851 

98 

99 

|0 918 

i 1 869 

360 9 0 002771 

66.97 

T036 2 

1103 2 

074 8 

J041 8 

0 1277 

I 8549 

1 9826 

99 

1 

loo" 

0 946 

1 

I 926 

350 8 0.002H51 

67 97 

1035 6 

1103 6 

974 1 

1042 1 

0 2 395 

I 850s 

I 9800 

200® 

xor 

lo 975 

; 1985 

3 ti o|o 002953 

68.97 

1035 I 

1104 0 

07 3 5 

1012 4 

0 1313 

I 8463 

1 9776 

xox 

102 

|i 005 

2 045 

331 sio 003017 

69 96 

1034 5 

1104 5 

072 8 

1042 8j 

0 1J30 

1 8420 

1 9750 

102 

203 

1,0^5 

2 107 

322 2 

0 003104 

70 96 

1034 0 

1104 9 

972 1 

1043 1; 

1.547 

I 8377 

1 9724 

103 

104 1 

ii ot)6 

2 171 

31.5 3 

0 003192 

71 96 

1033 4 

nos 5 

072,5 

10 13 4 

0 13651 

I 8 j 35 

I 9700 

204 


!l.oyS 

2 246 

3 ot 7 

0 003282 

7 a 95 

1032 8 

1105 8 

970 8 

1043 si 

0 1383 

I 8293 

I 9675 

20J" 

X06 

I 132 

^.303 

296,4 0 003374 

73 95 

1032 3 

not) 2 

070 I 

1044 II 

0 1401' 

1 8350 

1 9651 

206 

107 

Z08 

2.165 

a 372 

288 3 0 003469 

74 95 

1031.7 

1106 7 

06q 5 

i044«-4'0 1418)! 8208 

X 9626 

207 


a 44 .J 

380 5 

0 003565 

75 95 

1031 2 

1107 1 

968 8 

T044 H 

0 1436'! 8x66 

I 9602 

X08 

Z09 

:i 235 

2 SIS 

272 9 0 OCM664 

76 94 

1030 6 

no 7 .S 

968 2 

1045 I 

0 1454 

I 8124 

1 9573 

109 

120" 

1.271 

2 589 

265,5 

0 003766 
0 005871 

77.94 

1030 0 

1T08 0 

967 s 

104 s 4 

0 1471 

I 8082 

955 . 5 } 

220" 

III 

I 308 

3 605 

258.3 

78 94 

1029 s 

no8 4 

966 8 

1045.8 

0 1489 

I 8041 

1 9530 

2X1 

122 

I 346 

2 740 

251 4jo 00'3078. 

79 93 

1028 0 

no8 8 

960 a 

1046 1 

0 1506 

1 8000 I 9So6 

2X2 

223 

1.386 

3 822 

244 7I0 004087 

80 93 

1028 4 

1109 3 

96s 5 

1046 4 

0 1524 

1 7950 

1 94B3 

213 

II4 

1.426 

2 904 

238 210.004198 

81 93 

1027 8 

1109 7 

964 8 

1046 810,1541 

I 7917 

I.9458 

1*4 

115® 

1.467 

2 987 

231 9 

0 004312 

82 92 

1027.2 

mo 2 

964 2| 

1047 1 

0 1559 

1 7H76 

1 9435 

225® 

120 

!i S09 

3 07.? 

225 « 

0 004429 

83 92 

1026 7 

mo 6 

963 s 

1047 , 4 iO 1576,1 7836 

I 94 n 

2X6 

217 

I SS 3 

3.161 

210 9 

0 004548 

84 92 

1026 I 

nil .0 

962 K, 

1047 8 |o 259111.7795 

1 9389’ 

227 

2X8 

1.597 

3 252 

214,1 

0 004671 

85 92 

1025 5 

nil 5 

062 3 1 

104S. 1 

0 2611 1 7755 

2.9366) 

llS 

2 T 9 

1.642 

3 344 

208 5 

0 004796 

86,91 

1025 0 

nil 9 

962.5'1048 4 

0 2628 

1 7715 

1 9343 

119 

130 " 

1,689 

3 438 

203 1 

0 004924 

87 91 

1024 4 

1112 3 

1 

960 811048 7 

0 2645 

1.7674 

1 93 i 9 j 

130 * 

221 

1.736 

3 535 

197 0 

0,005054 

88 91 

1023 0 

1112 8 

060 a!1049 1 

0.2662 

1.7634 

1.9296 

I 3 I 

122 

1.785 

3 635 

102 8 

0 005187 

89 91 

1023,3 

1113 a 

9 S 0 si 1049 4 

0.1679 

1.7594 

2 . 9273 ‘ 

233 

123 

1.835 

3 7 A 7 
3 841 

187 g o 005323 

90.90! 

1022 7 

ms 6 

9S8 8:1049 7 

0.2696 

2.7555 

1 9251 

123 

1^4 . 

1.886 

183 I 

0 005462 

91 90 

1022.2 

1114.1 

058 3 1050.0 

0 1723 

I 7515 

1.9228 

124 


7’® awf + 450.6; / 777 *S per B.t u. (log » 289071!; A = 

0,1852 (log «> T.26764I. 

For water at os" (o 81 lb.), sp. vol , t'or rr« o oi6r cu. ft jjer Ib ; r /v" < 
o 002 B.t.u. 

For water, at 120" (1.60 lbs.), sp vol, F or «ao.oi62 cu, ft. per lb.; r/t>' 

0.005 B.ttU, 


l// » 1.286 X J0”«; 1444** 
6 a olbs. percu. ft.; 144 Apv'^ 
«6i. 7 lbs. percu. ft, i44.<4^«» 
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APPENDIX 


STEAM TABLES.—Continued. 

TABLE L —TEMPERATURE TABLE. 










Internal 






Pressure, 

Sp. 

Density 
Ihs. per 
cu. ft. 

Heat 
of the 
Uquic 

Latent 

Total 

Energy 


Entropy. 


Teipp 



Vol, 

Heat 

Heat 

B.tu. 




Temp 

Fahr 

Lhs 
per 
sq in 

1 Inches 
of Hg. 

cu, ft, 
per lb. 

of 

Evap. 

of 

Steam 

Evap. 

Steam 

Water 

Evap, 

L/T 

Steam 

Fahr. 

t 

P 

1 „ 

r or s 

i/v 

hot g 

Lor r 

// 

/ or p 

K 

noT0 

or r/T 

N or gif 

i 

i%f 

I 6^8 

3 048 

178,4 

0,005605 

92 gc 

1021.6 

*1*4 5 

9S7 5 

XOS0.4 

0 173c 

* 7475 

* 9*05 

Ilf 

126 

I 0^2 

4 057 

173.0 

0 0057.5* 

03.0c 

loai X 

1**5.0 

0S6 8 

1050 7 

0.1747 

* 7436 

1 0183 

130 


a 047 

4 *68 

tbg 6 

0,005000 

04 8g 

IQ20 5 

nis 4 

956 i 

1051,0 

0.1764 

* 7397 

1 0161 

137 

12b 

3 103 

4 282 

*65 3 

0.006052 

05.80 

lOlO.o 

11*5 8 

055 5 

1051 3 

0 1781 

1.7.358 

1 0*30 

xaB 

129 

3.160 

4 300 

161.1 

0 006207 

06.80 

10X0 4 

nx6.2 

054.8 

1051 7 

0 1799 

* 7^*8 

1.0**7 

139 

130® 

2 21Q 

4 53 

157 * 

3 00637 

97 80 

1018 8 

1116 7 

054 1 

1052.0 

o.i8t6 

**.7270 

* 0005 

130® 

X3I 

3 279 

4 64 

153*2 

0 00653 • 

08 80 

1018 2 

1117.1 

0S3 . 4 

*052.3 

0.iSx.j 

* 7240 

x.907.i 

13X 

X3a 

2 340 

4 76 

*40 4 

0 oof)6o 

09 88 

1017.7 

ni7 5 

052 8 

*052.7 

0,1849 

1 720a 

1 905* 

133 

133 

2 403 

4 80 

*45 8 

0 00685 

roo 88 

1017,1 

niH.o 

052 * 

*053.0 

0 1866 

1 7*64 

1.0030 

*33 

134 

3 467 

S 02 

142 2 

0.00703 

roi 88 

1016 5 

ni8 4 

05* .4 

*053.3 

0.1883 

* 7*^5 

I 0008 

134 


2.S33 

S *6 

*38 7 

0 00721 

103 88 

1016 0 

xn8 8 

050.8 

1053 6 

0.1900 

1.7086 

I 8986 

nr 

X30 

3 .600 

5-20 

*35 4 

03730 

103 88 

*015 4 

***9 3 

050 1 

IOS4 0 

0 1017 

I,7048 

1 8065 

115 

2 66q 

5 43 

132. r 

0 00757 

104 87 

10X4 8 

iiiO 7 

040.4 

*054 3 

0 19,J3 

1 7010 

1 8043 

137 

2 740 

5 S8 

128 0 

0 00776 

105 87 

1014 3 

1x20 1 

048.8 

1054 6 

0 1050 

1.6972 

I 8922 

138 

*39 

2.812 

S 73 

125 8 

^ OO705 

106.87 

X013-7 

1120.6 

048 1 

1055 0 

0 1067 

1,60x4 

I 8got 

*39 

140* 

2 88s 

5 88 

122 8 

0 00814 

107 87 

10X3 I 

1121 0 

047.4 

*055-3 

0.1984 

1.6806 

I 8880 

X40® 

*4* 

2.960 

6 03 

**00 

0 00834 

ro8 87 

1012 6 

1131.4 

946.8 

*055 6 

0,2000 

1.6850 

*.8850 

X4X 

14a 

3 037 

6 18 

117 I 

0 00854 

roo 87 

1012 0 

1*21 8 

946 * 

*055 9 

0.2017 

l.6S?x 

1.8838 

143 

*43 

3 *1$ 

6 34 

**4 3 

0 00875 

no 87 

ion .4 

1*22 3 

945 4 

*056.3 

0 2033 

1 6774 

I 8817 

X43 

*44 

3 195 

6 sr 

in 6 

0 00896 

nr 87 

loro 8 

1132 7 

944-7 

1056 6 

0 2050 

l 6746 

I 8796 

X44 

*45® 

I 3-277 

6 67 

100 0 

0 00918 

112 86 

10x0.3 

1123.x 

944 0 

1056 0 

0 2067 

1.6700 

1.8776 

145® 

140 

I 3-361 

6 84 

X06 5 

0 00940 

**3 86 

1000 7 

1123.6 

043 4 

1057 2 

0 20S3 

1,6672 

1.875s 

149 

*47 

! 3-446 

7 02 

X04 0 1 

0 00062 

114 86 

TOGO * 

1124,0 

042 7 

1057 6 

0,2x00 

I 663 s 

*.8735 

147 

*40 

3 533 

7 20 

ror 6 < 

0 00985 

1*5.86 

1008 6 

1124.4 

042.0 

*057.9 

0 2116 

1.6508 

I 8714 

140 

*49 

3 623 

7 38 

00 2 

0. or 008 

n6 86 

X008 0 

1124.8 

04* 4 

1058 2 

0 2132 

,1 6562 

1 8694 

149 

ISO® 

3 7*4 

7 .57 

06 0 ' 

0 01032 

ri7 86 

1007 4 

**25 3 

040 7 

1058 5 

0 2240 

!* 652s 

1.8674 

ISO® 

*5* 

3 809 

7 76 

04 7 ' 

0 01056 

n8,86 

1006 8 

1125 7 

040 0 

1058 8 

0 2161; 

I 6488 

r 8653! 

151 

153 

3.002' 

1 

02 6 < 

0 oroSo 

no 86 

1006 2 

1126 I 

930 3 

*050 2 

0 2182 

1.6452 

1 8634 

153 

153 

3 900 

4 >008, 

8 14 

90 5 < 

5 01105 

120 86 

X005 7 

1126 5 

038 6 

*050 5' 

0 2198 

T .6416 

i 86x4 

X53 

*54 

8 34 

88.4 < 

2 01131 

121 86 

TO05 . 1 

1127 0 

038 0 

1050 8 

0 2214 

1.6380 

I 8504 

154 

*ss® 

1 

4 *90, 

« 5S 

86.4 < 

2 01157 

122 86 

1004 5 

*117 4 

037 3 

1060 2 

0 2231 

I 6344 

* 8575 

in' 

*56 

4 303* 

8 76 

84.S < 

3 01184 

123 86 

1003 . 0 

1127 8 

0.36 6 

1060 5 

0.2247 

1 6308 

I.8555 


4 408, 

8 08 

82 6 < 

2 OI2II 

124 86 

1003 4 

1x28 2 

035 0 

X060 8 ^ 

0 2263 

I 6272 

1.8.535 

157 

158 

4 5*5! 

0 20 

80.7 « 

3 0I2?0 

125 86 

1002 8 

1128 6 

035 3 

1061 I ' 

0-2270 

t 6236 

* 85*5 

XS8 

*59 

4.625; 

0 42 

78.0 ' 

3 0X267 

126 86 

1002 2 

1129 I 

034 6 

1061 5 < 

0. 2205 

I.6201 

I 8496 

X59 

160® 

4 737! 

^ 55 

77 2 < 

2 01296 

127.86 

loot 6 

1129,5 

033 0 

1061.8 < 

0.23*1 

I 6165 

1.8476 

x6o* 

i6x 

4.851 

0 88 

75 .?< 

3 01325 

128 86 

loor I 

1120 0 

033 3 

1062 X ( 

0 2327 

* 6x30 

* 8457 

i6x 

i6a 

4 067:10 ra 

73 8( 

5 01355 

0 01386 

129 86 

1000.5 

1x30 4 

03* 6 

1062 a < 

0 2344 

1,6094 

I 8438 

163 

*$3 

5 o86|ro.36 

72 2|< 

130 86 

000 0 

1130 8 

03*. 0 

1062 8 < 

0 2360 

1,6050 

X 84x9 

363 

164 

5 2o8|IO 61 

70 6jo 01417 

*3*.86 

000 3 

1131 a 

03* 2 

1063. 1 i 

3 2376 

1.6024 

X 8400 

164 


r* ^ 45Q 5; j ^ yjy 5 ft.'lba per B.t.tt pog ^ 2.8()07il; A^t/J m t.a86 X io~«; 144 A «< 

0 1852 (log * T 26764]. 

For water, at 145® (3.28 Jbs ), sp. voL, v' or <r » 0.0165 cu ft. per lb.; t/v' » 61.3 lbs per cu. ft.; 
144 Ap%>'m o.oi B.t.u. 

water, at 170* (5.90 lbs.), ap. vol., r' or <r * 0.0164 cu. ft. pet lb.; t/v^ * 60.8 lbs. per cu. ft.; 
144 * 0.03 B.t.u. 
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STEAM TABLES.—Conlinued. 

TABLE II. — SATURATED STEAM: PRESSURE TABLE. 


Press. 

lbs. 

Temp. 

Deg. 

PresB. 

Atmos.* 

Sp. 

Vol., 

, cu. ft. 

Density, 
lb. per 

, Heat 
of the 

Latent 

Heat 

of 

Evap, 

Total 

Heat 

Internal 

Energy, 

B.t.u. 

Entropy. 

Press. 

lb. 

F. 

per 

lb. 

cu. ft. 

Liquid 

01 

Steam 

Evap. 

Steam. 

Water. 

Evap. 

l/T 

Steam. 

P 

i 

- 

a or 5 

i/v 

h ox q 

L or f 

H 

/ orp 

£ 

n or ff 

or f/T 

N or 4f 

P 

X 

tot . 83 

0.068 

333.0 

0 00300 

60 8 

1034.6 

1104.4 

972-9 

X042.7 

0.1327 

1.8427 

1 9754 
X 0180 
11 8848 

l 

2 

126,15 

0.136 

173 5 

0.00576 

0.00845 

94 0 

X 03 I 0 

XH 5 0 

956.7 

1050^7 

0.1749 

1 7431 

2 

3 

X41 52 

0.204 

X18.5 

X09 4 

1012.3 

1x21 6 

946.4 

105s 8 

0 2008 

X. 6840 

$ 

4 

IS 3 - 0 I 

0.27a 

90 5 

0.0x107 

130.9 

X005.7 

1126.s 

938.6 

1059.5 

0.3198 

1.6416 

1.8614 

4 

§ 

162 28 

«..140 

73.33 

6X.89 

0.0x364 

130. X 

1000 3 

1x30.5 

932.4 

1062 5 

0.2348 

X.6084 

ihi 

5 

6 

170.06 

0 408 

0 01616 

137.9 

995 8 

11.33 .7 

927.0 

1064 9 

0 2471 

1.58x4 

6 

1 

X76 8s 

0.476 

53 56 

0.01867 

144 7 


1136,5 

922.4 

1067.1 

0 2579 

1.5582 

1.8161 

7 

B 

183.86! 

0 544 

47 27 

0 02TI5 

150 8| 

988.2i 

XX39.0 

9X8.2 

1069.0 

0 2673 

1.5380 

1 8053 

8 

$> 

188.27 

0.012 

42.36 

0 02361 

156.2! 

985.0 

X 14 X.X 

914 4 

1070 5 

0.2756 

X.5202 

1 7958 

0 

xo 

193 22 

0 680 

38 38 

1 0 02606' 

x6i t 

982.0 

1143.1 

9X0 0 

1072.0 

0 2832 

r.5042 

I 7874 

10 

XX 

1197 7 *; 

0 748 

.15 XO 

0.02849 

165.7 

970 2 

1144 9 

907 8 

1073 4 

0.2902 

1 4895 

1 7791 

zz 

xa 

201 96 

0.816 

.12 36 

0 03090 

169.0 

976.6 

1146.5 

904.8 

1074.7 

0 2967 

t 4760 

I 7727 

12 

13 

205.87 

0 88s 

.AO. 03 

0.03330 

173 8 

974.2 

1148 0 

902. Oi 

1075 8, 

0.3025 

I 4630 

1.7664 

Z 3 

H 

200 55 

0 9S5 

28 02 

0.03569 

177-S 

971 9 

1149.4 

3 

X076 8 

0.3081 

1 4^53 

1,7604 

24 

XJ 

213 0 

1.021 

:36 27 

0 03806 

iSt.o 

069.7 

1150 7 

896 8 

1077 8 

0 3135 

I 4416 

1 7549 


xo 

216 3 

X .0S9 

34 79 

0.04042 

184 4 

967 6 

1x52.0 

1 894.4 

1078.7 

0 3183 

X.43I1 

1 7494 

16 


219,4 

1 157 

;2<.38 

0.04277 

187 5 

965 6 

11.53 X 

! 892 I 

1079 6 

0.3229 

1 43X5 

1.7444 


18 

222 4 

1.225 

i22,16 

0,04512 

190. s 

963 7 

11.54 2 

889.9 

1080 4 

0 3373 

1.4127 

I 7400 

IS 

*9 

225.2 

1.393 

21 07 

0 04746 

X93 4 

961 8 

1ISS.2 

887.8 

io8i I 

0 3.AIS 

I 4045 

1 7360 

19 

20 

228.0 

I . 361 

20 08 

0 04980 

196 1 

960.0 

1x56,2 

^ 885 8 

1081.9 

0.3355 

1.3065 

1 7.320 

20 

3 X 

230.6 

1.429 

10. x8 

0 052X3 

198.8 

958 3 

1157 1 

«83 9 

1082.6 

0 3393 

I 3887 

1.7280 

21 

32 

3n.i 

X 407 

xo 37 

0.054X5 

aoT 3 

956 7 

1x58 0 

882 0 

1083.2 

!o -3430 

1 3811 

1.7241 

^ S 3 

23 

23s s 

I 565; 

17 62 

0.05676 

203 8 

OSS. I 

1158 8 

880 2 

1083 9 

!o ..3465 

I 3739I 

1.7204j 

33 

24 

2U>8 

1 633 

16 93 

0 05907 

206.x 

05.i 5 

1x59.6 

878.5 

'X084 5 

10.3499 

1 3670 

1.7169! 

24 


240 X 

1 701 

i6 30 

0.0614 

208 4 

952 0 

1160 4 

876.8 

1085.1 

1 

!o 3532 

1.3604 

1.7x36 

25 

ao 

242 2 

I 769 

15.72 

0 0636 

210.6 

950.6 

1161,3 

875 1 

1085 6 

:o 3564 

1 3542 

1 7106 

1 26 


244-4 

1 837 

15 r8 

0 0659 

212 7 

949 2 

1161,9 

873 5 

1086 2 

0 3594j 

1.3483 

1.7077 

27 

28 

246,4 

I 905 

14 67 

0 0682 

214,8 

947.8 

1162 6 

872 0 

1086 7 

0 362.^ 

1 3425 

t 7048 

28 

29 

248 4 

1 973 

14 19 

0 0705 

216,8 

946 4 

1163.2 

870 5 

1087 2 

0,3652 

1 .1367 

1.70x9, 

29 

30 

250 3 

2 041 

13 74 

0 0728 

2x8.8 

945.1 

1163 9 

869 0 

1087 7 

0 3680 

X 3311 

1.6991 

1.6964! 

30 

3 X 

252 3 

2 109 

1.3 vAa 

0 0751 

220 7 

94.3 8 

X164 s 

867 6 

1088 2 

0 3707 

;! 3257 

31 

82 

3541 

2 178 

12 93 

0 0775 

222 6 

043.5 

116s 1 

866 2 

1088.6 

0 3733 

1 3205 

1.6938 

32 

33 

8 

2 246 

12 57 

0,0795 

224 4 

941 3 

1165 7 

864.8 

1089 I 

0 3759 

'1.3155 

1 69x4 

33 

34 

257 6 

3,314 

X3 22 

0 0818 

22f> 2 

940 1 

1166 3 

863.4 

1089 5 

0.3784 

,i 3107 

1.6891 

34 

35 

2S9 3 

2,382 

ix 89 

0 084T 

0 0803 

227.9 

938 9 

1166 8! 

862.1 

1089 9 

0 3808 

1.3060 

1.6868 


30 

261 0 

3 450 

11 58 

229 6 

937 7 

1167.5 

860 8 

logo 3 

0 3832 

i 30x4 

1 6^6 


262 6 

3 $t8 

XI 39 

0 0886 

«3i .3 

936 6 

1167.8 

859 5 

lOQo 7 

0.3855 

t 2969 

1.6824 


3 B 

264 2 

2 586 

11 01 

0 0908 

232 oi 

9i5 5 

1168 4 

858 3 

XO91 0 

0 3877 

1.2925 

1.6802 

3B 

39 

26s 8 

3 654 

10.74 

0 0931 

234 5 

934 4 

1x68,9 

857 I 

1091 4 

0.3899 

1,2882 

1.6781 

39 

40 

367.3 

2 722 

10.49 

0.0953 

236 1 

9.W 3 

X169 4 

85s 9 

1091 8 

0.3920 

1.2841 

I.6761 

40 

4 t 

268.7 

3 700 

10 25 

0.0976 

2.37 6 

932.2 

1169 8 

854 7 

IC02 2 

O.394X 

1.2800 

1.6741 

41 

42 

270 2 

3 858 

10,02 

0.0998 

239.1 

931 2 

1170 3 

853 6 

1092 s 

0 3962 

1 2759 

1.6721 

42 

43 

271.7 

2.926 

9.80 

O.XO20 

240.5 

930 2 

1170 7 

852 4 

1092.8 

0.3982 

r 2720 

I.6702 

43 

44 

373-1 

2 994 

9.59 

0 1043 

242.0 

939.2 

1171 2 

851.3 

1093.2 

0.4002 

I,2681 

1.6683 

44 

n 

374-5 

3.062 

9 39 

0,1065 

24.3 4 

938.2 

1171.6 

850.3 

1093 5 

0.4021 

I 2644 

1.6665 

4 i 

275 8 

3.130 

9 20 

0 1087 

244 8 

927.2 

1172 0 

w 

1093.8 

0.4040 

1 2607 

I 6647 

s 

377.3 

3.198 

9.02 

0 XIOO 

246 1 

926.3 

1172.4 

1094. X 

0 40S9 

1.2571 

1-6630 


278.5 

3.266 

8 84 

0,1131 

247.5 

925.3 

1x72.8 

847.1 

1094.4 

0.4077 

1.2536 

1.6613 

48 

49 

279.» 

3.334 

8.67 

O.IS53 

248.8 

924.4 

X173-2 

846. z 

1094-7 

0.409s 

1.2502 

1.6597 

49 


* X atmo (standard atmosj^ere) <■» 760 mms. of Hg. by def.» 39.922 ins. of Hg. •»24.696 lbs. per sq. in. 
7 “ «» /• 4 
0.2852 [log ■“ 

For water, 

0.05 B.t.u. 

For water, at 40 lbs., sp. voL, r' or a » 0.0x71 cu. ft. per lb.; iM m 58.3 lbs. per cu. ft.; X44 Afif •» 
0.23 B.t.u. 


* 4S9.6; 3 » 777 5 ft, 4 bs. per B.t.u. {log « 3.89071); A » i/J ■» 1.386 X lo""*; 144 A » 
7.36764] 

at 25 lbs , sp vol, or ff 0.0167 cu. ft. per lb.; t/if «• SO ® lbs. per cu. ft.; iaa Ap^ ^ 
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STEAM TNSLE?,.—Continued. 

TABLE 11. —PRESSURE TABLE. 


Press. 

lbs. 

Temp 

l>eg. 

Press 

Sp 
Vol , 
cu ft. 
per lb. 

Density, 
lbs i>er 

Heat 
of the 

Latent 

Heat 

of 

Evap 

Total 

Ht*{it 

of 

Steam. 

Internal 

Energy. 

B.t u. 

Entropy. 

Press. 

lbs. 

F. 

Atmos.* 

cu. ft- 

Liquid 

Evap. 

Steam 

Water 

Evap 

L/T 

Steam. 

f 

/ 


V or .y 

l/v 

h Or f/ 

L or r 

H 

I or p 

£ 


n or 0 

or r/7' 

N or 4 ^ 

P 

50 

a«r 0 

3 402 

8 St 

0 II7S 

250 

I 

933 s 

1173 6 

84 5 0 

1005 

0 

0 41x3 

1 

2468 

i 6581 

50 

51 

282 3 

3 470 

S 35 

0 no7 

251 

4 

922 6 

1174 0 

844 0 

IO05 

3 

0 4130 

I 

:x4.t5 

t 6565 

51 

S2 

283 5 

.? 55« 

8 20 

0.1219 

252 

6 

Q2T 7 

1174 3 

843 1 

1095 

5 

0 4147 

I 

2402 

1 6549 

53 

53 

284 7 

3 f>o6 

8.05 

0 1241 

253 

9 

930 8 

1174 7 

842 1 

iOp5 

S 

0 4164 

t 

2370 

J 6534 

53 

54 

28s 9 

3.b74 

7.9t 

0.1263 

255 

I 

919.9 

1175 0 

841 1 

topO 

1 

0 4180 

I 

23.39 

1 65x9 

54 

55 

287 1 

3 742 

7 78 

0 1285 

256 

3 

919 0 

1175 4 

840 2 

logt) 

3 

0 4196 

1 

2309 

1.6505 

55 

56 

288 2 

3-810 

7.6s 

0,1307 

257 

5 

918 2 

1175 7 

830 5 

1096 

6 

0 4212|I 

2278 

J 6490 

56 

*3: 

289 4 

3 878 

7 52 

0.1329 

258 

7 

017 4 

1176 0 

838.511000 8jo 4227 

* 

2248 T 6475 
221811 6460 

57 

sS 

200 s 

5 947 

7 40 

0 1450 

259 

8 

916 5 

1176 4 

837 4 1097 

1 

0 4242 

T 

SH 

5p 

29T 6 

4 013 

7.28 

0 1^72 

261 

0 

915 7 

1176 7 

83O 5 1097 

3 

0.4257 

I 

2i89it 6446 

59 

60 

292 7 

4 083 

7 17 

0 1304 

262 

1 

QI4 0 

1177 0 

‘ 835 6 1097 

6 

0 4272 

1 

2160 

1 6432 

60 

61 

293 8 

4.151 

7 06 

0 1416 

263 

2 

9U 1 

1177 3 

834,8liCH)7 

8 

0 4287 

X 

2132|1 6419 

6x 

62 

294 9 

4 219 

6 95 

0,1458 

264 

3 

913 3 J177 6 

833 0,1098 

0 

0 4303 

I 

210411.6406 

62 

63 

2Q5 9 

4 287 

6 85 

0. 1460 

265 

4 

912 5 

11177 9 

11178 7 

833 i;icki8 

2 

0 4316 I 

2O77jl.6303 

63 

64 

297 0 

4 355 

6 75 

0 1482 

266 

4 

yii 8 

832 2 

loyS 4 

0 43 iO 

I 

2050 1 6380 

64 

65 

298 0 

4 423 

6 6:; 

0.1^03 

767 

5 

911 0 

4r7« 5 

831 4^1098 

7 

0.4344 

r 

2034 

1 6368 

65 

66 

299 0 

4*49^ 

6 s;6 

0 1525 

268 

5 

910 2 

1178 8 830 511098 

9 

0.4358 I 

2007 

|X.635S 

66 

69 

300.9 

4.559 

6 J7 

0.1547 

269 

6 

009 5 

11170 0 

820 711099 

T 

0 4371 

1 

1072 

X. 6343 

67 

68 

301,0 

4 627 

6 38 

0 1569 

270 

6 

goS 7 

U79 3 

8’8 9U099 

3 

0.4385,1 

1946 

t 6331 

68 

6p 

302.0 

4.695 

6 29 

0 1590 

271 

6 

qo8 011179 6 

828 i 

lopo 

5'o 4398,1 

1921 

1 63x9 

69 

70 

302.9 

4 763 

6 20 

0 1612 

272 

6 

907 2 

1170 8 

827 3 

10Q9 

7 

0 4411 

r 

1896 

r 6307 

70 

71 ! 

303.9 

4 8v 

612 

0 1631 

273 

6! 006 3 

11180 I 

826 5'1099 

9 0 443 1 

T 

1872 

I 6296 

71 

7a 

304.8 

4 890 

6 04 

0 1656 

274 

5( Q05 8 1180 4( 825 8 

rioo 

I 

3 

0 44 37 

I 

1848 

X 6285 

7a 

73 

305 8 

; 4 967 

s 96 

0 1678 

275 

5 

905.111180 6 

835 0 

1100 

0 4449 

1 

1825 

1 6274 

73 

74 

306.7 

5 035 

5 »9 

0 1699 

276 

5 

904 4 

1180 0 

824 2 

noo.5 

0 4462 

1 

1801 

I 6263 

74 

75 

307.0 

5 ro3 

5 81 

0 3721 ! 

277 

4 

903 7 

1181 1 

825 5 

iroo 

0 

0.4474 

1 

1778 

I 6252 

75 

76 

308 5 

.5 171 

5 74 

0.3 7t3 

278 

3 

Q03 o'ii8i 4 

822 7 

rioo 

8 

0 4487,1 

1755 

I 6242 

76 

77 

309.4 

,5 239 

5 67 

0 J>6| 

279 


902 3 

1181.6 
u8r 8 

82 a 0 

troi 

0 

0 4-199 1 

X7 32 

1.6231 

77 

78 

1 310.3 

5 307 

<; 60 

0.1786 

280 

2 

901 7 

821 3 rioi 

2 

0 4511 tl 
0 452 3 1 

1710 

I 6221 

78 

79 

sn .2 

5 375 

5 54 

0 1808 ; 

281 

I 

901.0 

1182.1 

820 6 noj 

t 

1687 

I 6210 

79 

80 


5.444 

5 t7 

0 i8.->9 

282 


900 3 

1182 5 

Srp 8 

IIOI 

6!o 453 5 I 

1665 

I 6200 

80 

8x 

3J2 9 

! 5 512 

5 41 

1 0 1851 

282 

899 7 

1182 5 

819 1 

I roi 

7,0 4 ,16 

I 

1641 

r 61Q0 

81 

82 

3t3.8 

5 580 

5 ?4 

0 1873 

283. 

I 

899 0 

1182 8 

«l8 4 

T lOl 

9 0 4557 

I 

1623 

I 6rHo 

8a 

83 

3T4 6 

5 648 

5 J« 

0 1894 

284 

6 

HgS 4I1J83 0 

817 7jll02 

1 

0 4568 

1 

1602 

1 6170 

P 

84 

3T5 4 

5 716 

5.22 

0 1915 

28^ 

5 

897 7 

1183 3 

817 0 

1102 

2 

0 4 579!! 

1581 

I 6r6o 

84 

85 

316 3 

5 784 

5,16 

0.1937 

286 

5 

897 I 

1183 4 

816 3 

1 fOi 

4U 45 C)o,i 

1561 

r 6x51 

?§ 

86 

317 t 

5 8s2 

<; 10 

0.1959 

287 

2 

89O 411183 6 

813 6 

I 102 

(t 

0 4601,1 

X540 

I 6141 

86 

87 

ill 9 

5 920 

5 OS 

o.igHo 

28S 

0 

895 8 

1183 8 

815 0 

1102 

7 

0 4612 

X 

1520 

1 6x32 

87 

88 

118 7 

5 988 

5.00 

0 2001 

28S 

9 

8 q 5 2 

1184 0 

814 3 

1 103 

9 

0 462311 
0 4633 |l 

1500 

1,6123 

88 

89 

319 5 

6 056 

4.94 

0 2023 

289 

7 

894 6 

1184 2 

813 6 

" 103 

0 

1481 

1,6114 

89 

90 

320,3 

6 124 

4 89 

0.2044 

290. 

sj 

893 9 

1184 4 

813 0 1103 

a 

0 4644 

0 4654 


1461 

I 6105 

90 

91 

321 1 

6 102 

4 84 

0 2065 

291 

3 

803 3 

1184 b 

812 3 1103 

3 

I 

1442 

r 6096 

91 

9a 

32T 8 

6 260 

4 79 

0 2087 

292. 

1 

8q2 7 

1184 8 

8ii 7 

1103 

S 

0.4664 

1 

1423 

I 6087 

9a 

93 

322 6 

6 328 

4 74 

0 2109 

292 

0 

892 I 

iiSs 0 

811.0 

1103 

6 

0.4674 

r 

1404 

I 6078 

93 

94 

32t 4 

6.396 

4 69 

0.2130 

293 

7 

891 5 

1185.2 

810.4 

1103 

8 

0 4084 

I 

1385 

I 6069 

04 

U 

324 r 

6 464 

4 65 

0,2151 

294. 

5 

899.9 

1185 4 

809-7 

1X03 

9 

0,4694 

I 

X367 

r 6o6t 

95 

324 0 

6 532 

4 60 

0 2172 

29,5 

3 

800 3 

1185.6 

809 I 

1104 

I 

0 4704 

T 

1348 

I 6052 

96 


^25 6 

6 600 

4 56 

0 2IQ3 , 

296 

I 

8^.7 

1185 8 

808 5!iro4.2 

0 4714’! 

X330 

i.6044 


98 

32O 4 

6 668 

4‘5 i 

0.2215 1 

296 8 

889 a 

XI86.0 

807 9 1104 

4 

0 4724'lx 

1312 

It 6036 

98 

99 

327 I 

6 736 

4 47 

0 2?37 I 

297 

6’ 

J 

888.6 

1186.2 

807 2 

1104 

5 

0 4733 jT 

1295 

1 6028 

99 


• latmo. (standard atmosphete)«« 760 mtns ofHg.hy def, 29,921 ins, of Hg. »» 14.696 lbs persq.in. 
T* » f 4 ' 45 o/>, J *“ 777*5 ft-lbs per B,t,u, [loT *' 2.89071!; A »= l/J « 1.28^ X lO'*; 144 A « 
Q.lf^K ‘2 flog « ?.26764! 

For water, at 65 lbs,, sp, vol., / or ir » 00174 cu ft. per lb ; xii/ «= 57.4 lbs per cu ft.; 144 Apv' « 
0.21 B.t.u 

For water, at 90 lbs., sp. vul., p' or <r « o or; 5 cu. ft. per lb.; i/V «« .56.8 lbs. per cu ft.; 144 Apt>' 
0,30 B.t.u. 
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STEAM TABLES.—Continued. 

TABLE II.— PRESSURE TABLE. 






Sp. 






Internal 








press 

lbs. 

Temp 

Deg. 

Press. 

Vol . 
cu ft 

Density, 
ll>s. i>ei 

Heat 
of the 

Latent 

Heal 

of 

Evup. 

Total 

Heat 

of 

btcam 

Energ>‘, 

B.t.u 


Entropy 



Press. 

ibs. 

F. 


\tmos.* 

per 

lb. 

cu ft. 

Liquid 

Evap. 

.Steam. 

Water 

Evap 

L/T 

Steam. 

A 

/ 



por y 

l/v 

h or q 

L or r 

// 


/or 


E 


a or 6 

t)r 

r/T 

A' or 0 

P 

100 

327 

8 

6 80 

4 

429 

0 2258 

208 3 

888 0 

1186 

3 

806.6 

1X04 

6 

0.4745 

1 

1277 

1 

6oao 

190 

lor 

378 6 

6 87 

4 

388 

0 2270 

290 1 

887 4 

1186 5 

806.0 

IT04.8 

0 4752 


1260 

X 

6012 

lOI 

xoa 

320 

.3 

6 04 

4 

347 

0,2300 

290 8 

886.0 

1186 

7 

80s 

i 

no4 

9 

0 4762 

I 

1242 

1 6004 

193 

103 

330 0 

7 oi 

4 

.307 

0 2322 

300 6 

886 3 

1186 

0 

804 

8 

iio< 

0 

0 4771 

I 

1225 

X 

5096 

103 

104 

330 

7 

7 .08 

4.268 

0.»343 

301 3 

885.8 

1187 

0 

^4 

2 

nos .1 

0.4780 

I 

1208 

I 

5988 

104 

105 

331 

4 

7 14 

4 

230 

0 2365 

302 0 

885.2 

1187.2 

803 6 

1105 

3 

0 4789 

I 

npi 

X 

5980 

105 

106 

332 

0 

7 21 

4,102 

0,2386 

302 7 

884-7 

1187 

4 

803 

0 

1105 

4 

0 4790 

1 

1174 

1 

5972 

106 

107 

335 

7 

7 28 

4 

J55 

0 2408 

303 4 

884 1 

1187 

5 

802 

5 

nos 

5 

0 4807 

1 

1158 

I 

5065 

107 

108 

333 

4 

7 35 

4 

ti 8 

0 2420 

304.1 

883-6 

1187 

7 

8ot 

0 

nos 

7 

0 4816 

1 

1141 

1*5957 

108 

xop 

334 

1 

7 42 

4 .082 

0 2450 

304 8 

883 0 

1187 

9 

8ot 

3 

1105 

ft 

|0 4H25 

I 

.1125 

1,5950 

XO9 

no 

M4 

8 

7 40 

4.047 

0.2472 

395 5 

882 s 

lifts 

0 

800 

7 

nos 

0 

0 4834 

1 

1108 

1 

5942 

no 

ITT 


4 

7 55 

4.01; 

0 2403 

306 i 

88i 0 

iim 

2 

800 

2 

uot> 

op 4843 

1 

XC92 

I 

5 C 35 

592 ^ 

til 

7 12 


1 

7 in 

3 078 

0 2*;r 1 

5or> 0 

881 4 

1188 

4 

700 

6 

1106 

2 

0 4852 

1 

J076 

1 

112 

113 

3 ^6 

8 

7 6f> 

3 

015 

0 

307 6 

880 0 

ii88 

5 

700 

0 

1106 

3,0 4860 

1 

io6j 

t 

5921 

1X3 

114 

3i7 

•* 

7 7f> 

3 

912 

0 2*556 

308 3 

880 4 

118ft 

7 

708 

5 

U06 

4 

0 4869 

X 

J04S 

1 

.5914 

1X4 

115 

3V8 

i 

7 83 

3.880 

0 2S77 

300 0 

Syy 8 

J188 

8 

707 

0 

1106 

5 

0 4877 

I 

1030 

I 

5907 

115 

116 

7 

7 8q 


84-8 

0 2<;oo 

3CK> 6 

870 3 

1189 

0 

707 

4 

I TOO 

6 

0 4886 

I 

.1014 

r 

5000 

xxo 

117 

3KJ 

4 

7 y6 

3 817 

0 2020 

310 3 

vS7H H 

1 iSq 

1 

706 8 

1106,8 

0 4894 

1 

0999 

I 


117 

118 

340 

0 

K 0, 

3 

780 

0 2641 

^11 0 

878 ^ 

11.So 

3 

706 

3 

1106 

0 

0 4003 

I 

.0984 

1 

5887 

xx8 

I Id 

340 

6 

8 10 

^756 

0 2662 

31 X (' 

877 8 

11 Bo 

4 

705 

7 

1X07 

0 

0.4911 

1 0969 

I 5880 

*19 

120 

341 

3 

8 17 

3 

726 

0 268) 

U2 5 

877 2 

1180 6 

70S 

2 

1107 

1 

0 4910 

'i 

0954 

I 

5873 

130 

121 

343 

y 

8 23 

3 

(U )7 

0 270s 

313 0 

876 7 

ii8g 7 

794 

7 

1107 

2 

0 4027 

I 

0039 

X 

5866 

xai 

122 

;42 

5 

8 30 

3 

(>6K 

0 2726 

3M 6 

876 2 

ii8q 8 

704 

2 

1107 

3 

0 40.35 

I 

0924 

i 

•5859 

Z13 

123 

t43 

7 

8 37 

3 

939 

0 2748 

314 .3 

H75 7 

iigo 

0 

703 

r> 

rio7 

4 

0 4043 

I 

0910 

1 

5853 

133 

124 

343 

8 

8 .H 

3 

On 

0 2760 

314 0 

875.2 

1190 

I 

703 

1 

1107 

6 

9 4051 

1 

0895 

X 

.5846 

134 

125 

344 

4 

8 <^,0 

3 


0 2701 

315 5 

874 7 

iigo 

3 

792 

6 

1107 

7 

0 4059 

I 

0880 

1 

5839 

I3S 

xa 6 

345 

0 

8 <57 

3 

559 

0 2812 

>16 2 

8/4 2 

1100 

4 

702 

0 

1107 

ftp 4967 

I 

0865 

1.5832 

X30 

127 

.34.3 

6 

8 O4 

5 

530 

j w 28 

^16 8 

87 i K 

1100,5 

70T 

5 

H07 

0 

0 4974 

1 

0851 

1 

5825 

137 

128 

346 

2 

8 71 

3 

504 

0 28<54 

317 4 

«73 1 

1100 

7 

701 

0 

1108 

o'o 4982 

1 

0837 

I 

5819 

138 

129 

316 S 

8 78 

3 

478 

0 287 s 

318 0 

872,8 

iiqo 

H 

700 

5 

1108 

J 

0 4000 

■ 

0823 

r 

5813 

X29 

130 

347 

4 

8 

3 

452 

! 0 2807 

318 6 

872 3 

1 roi 

0 

700 

0 

1108 

2 

0 4008 

I .0809 

I 

5807 

130 

131 

34« 

0 

8 01 

5 

427 

0 2918 

3J9 3 

871 8, 

not 

1 

7 Ho 

5 

1108 

3 

0 soos 

I 

0706 

T 

5801 

131 

I 3 « 

348 5 

8 08 

3 

40? 

' 0 20^0 

3iy 0 

871 3 

I tyt 

2 

780 

Q 

1108 

4 

0 5013 

7 

0782 

I 

.5795 

133 

133 

340 

1 

9 05 

3 

378 

0 2060 

320 5 

870 0; 

1191 

5 

7H8 

5 

1J08 

5 

0 5020 

1 

0760 

I 

5789 

133 

134 1 

340 

A 

7 

0 14 

3 

351 

0 2981 

321 1 

870 4 

iigi 

5 

788 

0 

rio8 

6 

0 5028 

I 

0755 

1 

578.3 

134 

135 

v 3 S 0.3 

0 10 

3 

33 T 

0 3002 

321 7 

860 0 

not 

6 

787 

5 

i io8 

7 

0.503s 

1 

0742 

I 

5777 

135 

136 

350 8 

0 

3 

308 

0 3023 

322 3' 860 4 

iigi 

7 

7»7 

0 

1108 

8 

0 S043 

1,0728 

1 

5771 

136 

137 


4 

0 34 

3 

285 

0 30H 

.322.8 

869 0 

nor 

8 

786 

5 

1!o8 

9 

0 5050 

1 

0715 

1 

5765 

137 

138 

352 

0 

0,30 

3 

2 (H 

0 306 i? 

323 4 

8 oH s 

1 102 

0 

786 0 

1 lO() 

0 

0 50.57 

J 

0702 

1 

5750 

138 

139 

352 

5 

0 t6 

3 

241 

0.3086 

324 0 

868 1 

no? 

1 

785 

5 

nog 

1 

0 5064 

I 

0689 

1 

57S3 

*39 

140 

353 

1 

9 53 

3 

219 

n 3107 

324 6 

867 6 

H03 

2 

785 

0 

nog 

2 

0 S072 

I 

o(>7 5 

I 

5747 

X40 

14 1 

353 

6 

0 50 

3 

107 

0 3120 

32s 2 

807 2 

1102 

3 

784 6 

1109.3 

0 5079 

J 

0662 

I 

5741 

141 

143 

3.54 

2 

0 06 

3 

175 

i 0 3no 

325 8 

866 7 

1102 

5 

784 

1 

I TOO 

4 

0 5086 

I 

0649 

I 

573 5 

143 

143 

354 

7 

9 73 

3 

154 

' 0 3171 

326 3 

866 3 

1102 

6 

78.5 

6 

1109 

5 

0 5093 

I 

0637 

1 

5730 

143 

144 

355 

3 

0 80 

3 

133 

1 0 3iO-» 

326 0 

86s 8 

1102 

7 

783 

J 

1109 

6 

0 5100 

I 

o()24 

1.5724 

144 

145 

355 

8 

0 87 

3 

112 

0 32n 

327 4 

865 4 

1102 

8 

782.7 

1109 

6 

0 5107 

I 

0612 

T 

5719 

145 

140 

356 3 

9 03 

3 

002 

0 32.54 

328 0 

864.0 

iiya 

0 

782 

3 

IIOQ 

7 

0 5114 

I 

0500 

I 

571.5 

146 

147 

356 0 

10 00 j 

3 

072 

0 5255 

328 6 

864 5 

1103.0 

781 

7 

1109 

8 

0 5121 

1 

0587 

1 

.5708 

147 

148 

357 

4 

10 07 j 

3 

052 

0.3276 

320 1 

864.0 

1103 

2 

781 

3 

1109.9 

0.5128 

1 

0574 

1 

5702 

148 

149 

357.0 

lo 14 

3 

03.3 

0 3297 

329 1 

863.6 

1103 

3 

780 8 

lino.o 

0 5135 

: 

0562 

I 

5697 

*49 


* T atmo (standard atmosphere) 760 mras. of Hg by def. »» 20.021 ins. of Hg. 14.606 lbs persq. in. 
7’* SB 4. 450.6; J ^ 777'5 ft .-lbs. per B.t.u floR ** 2.80071); A ^ 1i a86 X 10 », 144 A *» 
0.1852 flog “» T.26764] 

For water, at 11 5 l!>s., sp vol., or <r »= 0.0178 cu ft, per lb.; i/r' « 56.0 lbs. per cu. ft; 144 « 

0,38 B.t u 

For water, at 140 lbs , sp. vol., i>' or <r *= 0.0180 cu. ft. per lb.; i/v* ** 55.4 lbs. per cu, ft.; 144 Apv^ «* 
0,47 B.t.u. 
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APPENDIX 


STEAM TNSLE&.—Concmed. 

TABLE II. —PRESSURE TABLE. 


Press. 

Temp 

Press. 

Sp 

Vol, 

Density, 

Heat 

Latent 

Heat 

Total 

Heat 

Internal 

Energy., 

Entropy 


Press. 

lbs. 

Deg. 

Atmos.* 

cu. ft 
per lb. 

lbs. per 

of the 

of 

Evap. 

of 

Steam. 

H t,u. 




it». 

F. 

cu, ft. 

Liquid 

Evap. 

Steam. 

Water 

Evap. 

L/T 

Steam. 

. P 

t 

- 

ti or s 

I/p 

h or q 

or r 

H 

I or p 

E 

« or 6 

or f/r 

N or 4 > 

P 

150 

JSS .5 

to 21 

3 012 

0.3320 

330.2 

863.2 

1 X 03*4 

780.4 

1x10.I 

0.5142 

1.0550 

1.5602 

150 

xsa 

359 5 

10.34 

V.lli 

0 3362 

33«*4 

862,3 

I1193 6 

779 4 

iixo 3 

0 SMS 

1 0525 

I.5680 

152 

m 

360 5 

10.48 

0 3404 

3*32,4 

S61 4 

X193 8 

778 5 

iiio 4 

0.5169 

I .0501 

I.5670 

154 

361.6 

10 61 

3.002 

2.868 

0,3446 

333 5 

860 6 

XI 94-1 

777.6 

1X10 6 

0.5182 

1.0477 

r.. 565 Q 

J56 

158 

36a 6 

to 75 

P.3488 

334 b 

859 7 

1194 3 

776.7 

ixto 8 

0.5195 

X 0454 

1.5649 

t$H 

160 

.361 6 

to 89 

2 834 

0.3529 

.ns.6 

858.8 

1194*5 

775.8 

iiio 9 

0 5208 

1.0431 

1 .5639 

160 

462 

.564 6 

11 02 

2.801 

0.3570 

336 7 

858 0 

XI94 7 

775.0 

nil .1 

0 5220 

1.0409 

I 5620 

162 


365 6 

11 16 

2 769 

0.3612 

337-7 

857.2 

1194 9 

774 I 

nil. 2 

0.5233 

1.0387 

X.5620 

\ti 

360,5 

li 30 

2 737 

0 3654 

338 7 

856.4 

1195.I 

773 2 

nil.4 

0 5245 

t 0365 

I 5610 

168 

367*5 

11,43 

2.706 

0 3690 

339 7 

855 5 

XI95 3 

772 4 

nil $ 

0.5257 

I 0343 

X 5600 

x68 

170 

^68 5 

II 57 

2 675 

0 37,58 

340 7 

854.7 

IIOS 4 

771 5 

1111-7 

0 5269 

1 0321 

I SSQO 

170 

172 

369 4 

Ji 70 

2 645 

0 3780 

341 7 

853 9 

1195 6 

770 7 

1111.8 

0 5381 

1.0300 

I 5581 

172 


379 4 

IZ.84 

2 616 

0.3822 

342 7 

853*1 

1195 8 

769.8 

Ilia 0 

0 5293 

1.027S 

t 5571 

174 

170 

371*3 

11.97 

2 588 

0 3864 

34 . 5*7 

BS2 3 

1196 0 

769.0 

rii2 I 

0 5505 

i 0257 

1 5562 

176 

278 

372 2 

12 XX 

2.560 

0 3906 

344.7 

851.5 

1196.2 

768 2 

1112 3 

0 5.517 

I 0235 

I 5552 

178 

180 

37 ,M 

12 25 

2 S 33 

0 3948 

345 6 

850 8 

1196 4 

767 4 

1 X 13 4 

0 5328 

X 02 T 3 

r 5 S 4.3 

x8o 

282 

374.0 

12 38 

2 507 

0 39^ 

346 6 

850 0 

1196 6 

766 6 

IIJ 2 6 

0 . 53.59 

1 0195 

I 5.534 

182 

184 

186 

374 . 9 , 

ra.sx 

2.481 

0 4031 

347-6 

8*49 « 

1196 H 

765 8 

iiij 7 

0 5351 

1.01/4 

X 5525 

*84 

375 « 

22 66 

2 455 

0 4073 

348 S 

848 4 

1x96 9 

765.0 

£112 8 

0 5562 

i 0154 

r 5516 

x86 

x88 

188 

1 376 7 

I 

12.79 

. 2 430 

0 411S 

349*4 

j 1 

1197 I 

764 a 

rii3 0 

0 5373 

I 0x34 

X 5507 

xpo 

377.6 

12 93 

2 406 

0.4157 

350 4 

846 9 

1x97 3! 

763 4 

1113 1 

0 5384 

1 0114 

r.5498 

X90 

192 

378.5 

13.06 

2 381 

0 4109 

351 3 

i 846 T 

1197 4 

70 7 6 

II13 2 

0 5395 

1 0095 

X.5490 
1 5481 

192 

194 

zpo 

379 3 

13.20 

2 358 

0 424X 

352.2 

845 4 

1197 6 

761 8 

1113 4 

0 5405 

T 0076 

194 

380 a 

13 34 

3 335 

0 4283 

353 I 

844.7 

1197 8j 

761,1 

nx 3 5 i 

0 5416 

1 0056 

1.5472 

196 

.98 j 

382 0 

M 47 

2.312 

0 .»335 

354 0 

843 9 

1197 9 

760 3 

111.5 6 

0 5426 

1 0038 

I 5464 

X9« 

200 { 

381 9 

J3 6t 

2,290 

0 437 

354 9 

843 2 

1198 t 

759.5 

1115 7! 

0 5437 

I 0019 

I 5456 

200 


384 0 

13 95 

2 237 

0 447 

357 I 

841 4 

5 

757 6 

1114 0 

0 5463 

0 9073 

X 5436 

205 

210 1 

386 0 

14 29 

a 187 

0 457 

559 2 

8^0 6 

ti^ 8 

755 8 

1114 4 { 

0 5488 

0 9928 

1 5416 

2x0 

21 $ 

388*0 

t 4 63 

2 

0 468 

36 r 4 

857 0 

1190 2 

7.54 0 

II14 6j 

0 55x3 

0.9885 

I 5398 

215 

220 

389^9 

14*97 

2 091 

0 478 

363 4 

836 2 

1199 6 

752 3 

1114 0 

0 5538 

0 9841 

I .5379 

220 

225 

391 0 

IS 31 

2 046 

0 489 

36s S 

834 i 

xtOO 9 

7.50 5 ' 

1X15 ? 

0 5562 

0 9799 

1.5361 

225 

aao 

393 8 

t 5 6s 

2 004 

0 499 

367 5 

852 8 

jl 2 O 0 2 

! rtn » 

H15 4 

0 5586 

0 9758 

t 53 X 4 

230 

235 

30 ,$ 6 

15 99 

1.964 

0 500 

500 4 

831 t 

1200 6 

747 0 

1115 7 

0 5610 

0 97x7! 

I 5527 

23s 

240 

397.4 

r6 33 


0 520 

37 t 4 

829 5 

1200.9 

1 745 4 

ms 9 

0 5633 

0,9676 

1.5509 

240 

245 

399 3 

16 67 

t 887 

0 530 

37.5 3 

827*9 

i2or 2 

1 743.7 

1116.2 

0 .5655 

0 96,38 

I 5293 

24S 

X 

401,1 

17 01 

I 850 

0 541 

375 2 

8a6 3 

1301 5 

742.0 

rir 6 4 

0 5676 

0 9600 

t 5276! 

280 

2 W 

404,5 

17 69 

r 782 

0 561 

378 9 

823.1 

|iao2 I 

1 738 9 

ino.o 

0 S 7 X 0 

0 9525 

\X 5244 

X 

407*9 

18 37 

I 718 

0 582 

58a 5 

820 I 

r202.6 

1 735*8 

1117*3 

0 5760 

0 9454 

[i 52 X 4 ' 

270 

280 

411.2 

19 05 

I 658 

0 603 

386 0 

817 I 

1203 * t 

> 732*7 

1117 7 

0.5800; 

0 9385 

;i 5185; 

290 

414.4 

*9 73 

I 602 

0 624 

389 4 

8x4 2 

1205 6 

i 729 7 

TI18.X 

0.5840! 

0 93 16 

it .5156 

290 

300 

417 5 

20 41 

I 551 

0.645 

.592-7 

Sxt 3 

1204 1 

726 8 

tiiB % 

o. 5«878 

0.0251 

lo 8949 

1.5x29 

300 

380 

431 9 

23 82 

t* 3?4 

0 750 

40S 2 

797 ^ 
786, 

i 12 o 6. I 

7x5.3 

1120 2 

0,6053 

r ,sooa 

1 350 

400 

444 8 

27*22 

I 17 

0 86 

422 

1208. 

701 

1122 

0 621 

0.868 

I 489 

1 400 

450 

456.5 

30 6a 

Z 04 

0 96 

435 

774 

1209 

690 

1123. 

0 63s 

0.844 

I 479 

450 

500 

467 3 

34 02 

0,93 

j X 08 

448 

762 

13 X 0 

678 

1124 

0.648 

0.822 

1.470 

500 


• I atmo. (standard atmosphere) «* 760 mms of Hg. by def tw 20*921 ins. of Hg. « 14.696 lbs. per 
sq. in. 


T'* » f -ir 459*6; 7 « 777 5 ft.dbs per B.t.u flog =• 2*89071}; A «« i /7 >« 1.286 X lo"^; 144 /I « 
o.tS'Sa (log « 1.26764). 

For water, at 215 lbs., sp. vo!., e' or cr « o 0185 cu ft. per Ib.; 1/1/ a* 54.0 lbs. per cu. ft; tAAApif •» 
0.74 B.t u, 

For water, at 240 lbs., sp. vol., or tf <« o.cn86 cu. ft, per lb.; j/V -« 53,6 lbs. per tu. ft.; 144 Ajnf m 
B.t.u. 
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TABLE 4 —horse POWER PER POUND MEAN PRESSURE. 

(Chap. XVI, p. 647.) 


1 




Speed of JPiAton in Feet per Minute. 




lp 

100 

240 

300 

350 

400 

450 

500 

550 

600 

650 

750 


038 

09 X 

.114 

. 133 

.152 

.171 

.19 

.209 

.228 

247 

.285 

4 i 

04S 

IIS 

144 

• 168 

192 

. 3 X 6 

.94 

364 

288 

.312 

360 

5 , 

06 

.144 

.18 

.310 

240 

.370 

36 

33 

.36 

-39 

•450 

si 

072 

.173 

216 

.252 

288 

.324 

36 

.306 

-432 

,468 

S40 

6 

,086 

305 

256 

299 

.342 

38s 

.428 

471 

.513 

-555 

.041 

6i 

.102 

.245 

307 

.391 

409 

.464 

.512 

. 563 

6x4 

698 

800 

7 

1X6 

.379 

.348 

408 

466 

.524 

.583 

641 

.699 

.756 

874 

7 i 

134 

321 

.40X 

468 

• 534 

,602 

669 

75 S 

.802 

869 

X. 0 O 2 

a 

154 

.36s 

.456 

532 

.608 

.685 

761 

837 

gxj 

,989 

x.iai 

H 

. 172 

.413 

.516 

.602 

688 


,86 

.946 

I 03a 

1 J18 

1.290 

9 

19a 

462 

577 

674 

.770 

866 

.963 

I 059 

1.154 

1 251 

1-444 

oi 

315 

.51.5 

644 

.751 

.859 

066 

1 074 

i 181 

X 288 

I .395 

X 610 

10 

238 

.571 

714 

833 

.952 

X 071 

I 190 

1 309 

r .428 

1 547 

1.785 

lOi 

. 262 

63 

787 

919 

I 050 

1 181 

1 313 

1 444 

I 575 

1,706 

I 969 

ii 

288 

6gi 

864 

1 ook 

X 153 

t 296 

1.44 

I 58.1 

I 728 

I 872 

2 x6o 

ui 

314 

.754 

.943 

l.lOO 

1.257 

1 414 

I 572 

1 - 729 

1 886 

2 043 

2 357 

u 

34 a 

«20 

X 02s 

1 195 

I 366 

I 540 

1.708 

I 880 

2 050 

2 222 

2 564 

13 

402 

964 

I 206 

I 407 

X ,608 

i 809 

2 01 

2 211 

2 412 

a 613 

3 01S 

14 

466 

1 119 

1.398 

1 6.31 

1 864 

2 097 

2 331 

2 564 

2 797 

3 029 

3-495 

IS 

S 3 S 

1 285 

X ()o6 

1 873 

a 131 

2 409 

2 677 

2 945 

3 212 

,3.479 

4 004 

i6 

609 

r 461 

1 837 

3 131 

2 436 

3 741 

3 045 

3 349 

3 654 

3 958 

4 567 

17 

68 s 

I 643 

3,054 

2.396 

2 739 

3 081 

3 424 

3.766 

4 108 

4 4 SO 

5 135 

18 

771 

1 840 

2 SI2 

2 697 

3 083 

3 468 

3.854 

4.239 

4 624 

5.009 

5 780 

10 

850 

2,061 

2 577 

3 006 

3 436 

3 865 

4.295 

4 724 

5 1 S 4 

5 583 

6 442 

20 

052 

2 292 

2 855 

*3 .531 

3.807 

4 285 

4 759 

5 234 

5.731 

6 186 

7 138 

31 

1.049 

2 518 

5 U8 

3 672 

4 197 

4 722 

5 247 

5 771 

0 296 

6 820 

7 860 

72 

I 152 

2 764 

3 4 SS 

4 03X 

4 607 

5 183 

5 759 

6 334 

6 911 

7 -486 

8 648 

35 

I aS 9 

3 021 

3 776 

4 405 

5 035 

5.664 

6.294 

6,923 

7 552 

8 i«i 

9 44 

34 

1 370 

3 289 

4 rn 

4 797 

5.482 

6 167 

6.853 

7.5.38 

8 223 

8 908 

to 279 

as i 

I 487 

3 569 

4.461 

5 lOS 

5 948 

6 6q2 

7 436 

8 179 

8 925 

9 566 

11 053 

at) 

2 6oq i 

3.86t 

1 4 826 

S 630 

6 43 s 

7 239 

8 044 

8 848 

9 652 

10 456 

12 065 

37 

1 733 

4 159 

! 5 199 

6 066 

6 9.32 

7 799 

8 666 

9 532 

10 399 

11 265 1 

12 998 

28 

1 865 , 

4 477 

! .S..S96 

6 529 

7 462 

8 395 

9 328 

10 261 

11 193 

12 125 

13 991 

39 

2 002 

4 805 

6 006 

7 007 

8 008 

9 009 

10 01 

11 oil 

12 012 

13 013 : 

iv.oiS 

30 

2.143 

S.I41 i 

6 426 

7 497 

8 s68 

9 639 

10 71 

11 781 

12 8S2 

13 923 

16 06s 

31 

2 288 

5 486 

6 86 s 

8 001 

9 144 

no 287 

11.43 

13 573 

13 716 

14 860 

17.145 

33 

2 430 

5.846 ; 

7 308 

8 526 

9 744 

!io 962 

12 18 

13 398 

14 O16 

15.834 

18 270 

33 

2 SOO 

6 216 

7 770 

9 06s 

10 360 

1.65s 

12 959 

14 345 

15 54 

16 835 

19 425 

34 

2 746 

6 59 j 

8 338 

9 611 

10 984 

12 357 j 

13 73 

iS-io.i 

116.476 

17 849 j 

20 595 

35 

2.914 

6 993 

8,742 

xo 199 

11.659 

13.113 ! 

14 57 

16 027 

17.484 

i8 941 ! 

I 2 I 85s 


3.084 

7 401 

9 252 

10 794 

12 336 

13.878 

IS. 42 

16.962 

18 504 

20 046 ; 

2 S I.JO 

37 

3.253 

7.819 

9.774 

11-403 

13.032 

14 861 ! 

16 29 

17 019 

19 548 

21 177 1 

I24 4.55 

38 

3.436 

8 246 

1X0 308 

12 026 

13 744 

15.462 

17 18 

r8 898 i 

20 616 

22 334 1 

25.770 

30 

3.630 

8 648 

10 86 

12 670 

14 480 

16 290 

x8 10 

19-91 

21 62 

23 53 

27 150 

40 

3 808 

9 139 

11 424 

13.328 

15.232 

17.136 

19 04 

20 944 

22 848 

24 752 

28 560 

41 

4,002 

9 604 

12 .006 

14 007 

16 0^ 

18.009 

20 00 

22 011 i 

24,012 

26 013 : 

30 01 s 

4a 

4 t 08 

10 06s 

12,594 

14 693 

x6 792 

iB-gcx 

20 99 

23.089 

25 188 

27.2H7 

31 48s 

43 

1 4 40 

10 56 

13 20 

15 40 

17,60 

19 80 

22 00 

24 20 

26 40 

a« ()o 

33 00 

44 

4 606 

11 046 

1.3 818 

16 131 

x8 424 

20 727 

23 03 

25.333 

27 636 

29 939 

34 545 


4 8j8 

11 563 

14.454 

16 863 

19 272 

21 681 

34 09 

26 399 

28 9<^ 

31 317 

36 X 3 S 

46 

S <043 

12.086 

15.128 

17.626 

20 144 

22.662 

25.18 

27 6q8 

30 ai6 

32 754 

37.770 

47 

5 256 

X3.614 

15.768 j 

18-396 

21.024 

23.652 

26 a8 

28 908 

31.536 

34 164 i 

39 420 

48 

5 48a 

X3 846 

16 446 

19.187 

21 925 

7 \ 669 • 

27.41 

30 151 1 

32 152 

35.633 i 

41.115 

40 

s 714 

12 913 

17.14a 

19.999 

22.856 

25 713 i 

28 57 

31.427 

34 284 


42 855 

SO 1 


14 38 

17 850 

30 825 

23.80 

26.775 

29 75 

32 725 

35 .70 

38 67 s 

44.625 

51 ! 

6.x8o 

14 832 

18 540 

21.665 

24 76 

37 855 

30 QS 

34 045 

37-08 

40 aos 

46 42 s 

Sa j 


15.437 ! 

X 9 .a^ 

22 512 

35.728 

38 944 

32 16 

35 376 

38 S 92 

4l.8c^ 

48 240 

S 3 ! 

6.684 

16.041 1 

20,052 ; 

23.39.3 

26 736 

30 078 

33.4a 

36 762 i 

40 104 

43 446 

SO 130 

S 4 ! 

6.940 

16 656 

30 820 

24 029 

27 760 

31.230 

34-70 

v 38 17 1 

Ho 

45-11 

52 .OS 


7 198 

17 375 

21 594 

25.193 

28.79a 

32.391 

s 35 99 

39.589 

43.188 

46 7S7 

53 98s 

50 

7 463 

17 909 

33.386 

26,117 

29.848 

33 579 

.37 31 

41.041 

44.772 

48.503 

55 .965 


1 

i 8 .SS 7 

33.196 

27 062 

30 928 

34-794 

38.66 , 

42.526 j 

46 392 

50 258 

57.90 

S8 

8 006 

19.214 

24 01$ 

28-021 

52.024 

36.027 

40 03 

44-053 

48 036 

52 030 

60.045 



19.902 

34.853 j 

28 964 

33.136 1 

37 278 , 

41.42 1 

45-562 

48.704 

S 3 846 

62.13 

60 j 

8 566 

20 SS8 

25 698 

29 981 j 

34.264 

38.547 

42.83 

47 113 

51.396 

55-679 

64.245 





TABLE 5.-- KIXATIVE IIUMIDm, PER CENT — FAHRENHElf TEM^ 

PF RATURES 
(Chftp xxni, p 0S4) 

Prcjsaure *» 50 o inches 



f*oo 






TABLE $. — Continued. 




Depression of Wet-bulb Thermometer (t — f")* 


t 

0-5 

t.o 

1.3 

2.0 

3.S 

j3 0 

3-S 

4.0 

4 S 

S-o 

S 5 

6.0 

6 5 

^ 0 

7.5 

8 0 

8 5 

9.0 

9*5 

[lo.ojio 5 

1_ 

20 

92 

85 

77 

70 

62 

i 55 

48 

40 

33 

2O 

19 

12 










21 

92 

8S 

78 

71 

63 

55 

49 

42 

35 

28 

21 

IS 

H 

I 








22 

93 

86 

78 

71 

65 

S8 

51 

44 

37 

31 

24 

17 

jti 

4 








23 

93 

86 

79 

73 

66 

59 

52 

46 

39 

33 

26 

20 

14 

7 

I 







24 

93 

87 

80 

73 

67 

60 

54 

47 

41 

35 

i9 

22 

16 

10 

4 
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(Chap. X\'I, p, 656 ) (Thompson's Table) 
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TABLE 7 properties OF AMMONIA (NHa). 
(Clmp. XXIV, p. 9P7,) 


Abs. 
Prm. 
Lte. per 
«q. in. 

Fahr. 

Temp. 


f 

X 

or H 


_ _ 

^SAT 

8p, Vol. 
Sat. NHs 

10 

**“ 47.5 

-83 s 

584.30 

500.80 

-.1816 


.4145 

1 2329 

21 50 

IS 

•”27.5 

-62.95 

572.25 

509-50 

--I 3 SS 

1.3240 

1 . 188s 

17.00 

20 

— 17 0 

-SI SO 

56s 7 S 

SU 25 

- .ijos 

X 

• 2772 

I 1667 

13*50 

25 

- 8 s 

-42 50 

560 50 

518.00 

—.0800 

I 

2412 

I.I512 

10-35 

30 

0 0 

-33 75 

SS6 00 

522.25 

— 0706 

I 

, 2070 

I 1364, 

9.00 

35 

+6.25 

— 27,10 

551-63 

524 S 3 

—.0562 

I 

, 1830 

1.1268 

7-87 

40 

12.0 

— 21.00 

548 00 

527 OQ 

- .0433 

1 

. i6to 

I 1177 

6.92 

45 

17.2 

-IS 65 

544 90 

529*25 

—.0322 

I 

. 1420 

I 1098 

6.20 

50 

21.85 

— 10 62 

542 00 

53*-38 

— 0220 

1 

1245 

I 1025 

5 60 

55 

26.3s 

- 5 80 

S 39 35 

533-55 

—.0117 

1 

1075 

J.OQ52 

5.15 

60 

30 30 

- I 73 

.536.78 

535 05 

— 0028 

1 

0940 

1.0912 

4 75 

6s 

34 20 

4 * 2 40 

534 30 

5,36.70 

-f- ‘00<‘)0 

I 

.0807 

1.0867 

4-40 

70 

38.00 

6,40 

S.?I 88 

538 28 

.0147 

1 

0680 

1.0827 

4.10 

75 

41 3 

0 80 

529 8t 

530 61 

.0215 

1 

0565 

I 0780 

3 85 

80 

44 4 

13 00 

527 85 

540.85 

.0278 

1 

0460 

I 0738 

3*6 

85 

47-^5 

i6 18 

S-’S «3 

542 01 

0342 

I 

0350 

1.0692 

3 4 

00 

50 () 

IQ 40 

523 95 

S 43 35 

0403 

1 

.0250 

I 0653 

3 22 

95 

‘53 4 

22 45 

522 15 

544 60 

0459 

I 

0160 

I 0619 

3.04 

100 

56 1 

-^5 30 

520 40 

545 70 

0514 

I 

0080 

I 0594 

2.90 

105 i 

58 8 

28 10 

518 70 

546 80 

.0570 


9997 

1.0567 

2 75 

110 1 

3 

30 80 

517 10 

547 90 

06 IQ 


9020 

I 0539 

^‘63 

^15 1 

63.6 

33 20 

515 60 

548 80 

0663 


9842 

I 0505 

2 50 

120 j 


35 55 

514 T2 

549 67 

1 .0708 


9766 

1 0474 

2 41 

125 

; 68 15 ; 

37 95 

512 67 

550 62 

' .0752 


9690 

' I 0442 

2.32 

130 

7045 

j 40 40 

511 25 

551 65 

.0708 


9630 

I 0428 

2 25 

MS 

72 5 

1 42 55 

509.00 

552 45 

0837 


9571 

I 0408 

2 15 

X 40 

74 5 

1 44 65 

508 60 

5,53 2 $ 

•087s 


0515 

1,0390 

2 07 

HS 

76.52 

: 46 77 

507 32 

5.54 09 

0915 


• 94 M 

1.0372 

2.00 

150 

78.52 

48.88 

506 05 

, 554-93 

•0953 


9402 

1*0354 

I 95 

155 

80 42 

1 50.88 

504 -85 

555-73 

.0088 


0348 

1 0336 

1 90 

160 

82 15 

i 52 68 

,503 70 

.5,56 38 

1025 


9292 

I 0317 

I 8S 

1^5 

83 93 i 

! 54 55 

j 502 50 

557 05 

1061 


0^234 

1 0295 

1.80 

170 

85 '70 , 

56.45 

501 Is 

557 80 



9183 

1 0279 

I 75 

MS 

87 05 

58 22 

500 28 

558 so 

1130 


0146 

1 0273 

I 70 

180 

8g 12 

60 05 

499 15 

5.59 20 

1163 


9103 

1 0266 

1 65 

185 

90 85 

61 QO 

498 05 

. 559-95 

1105 


Q043 

1 0338 

I 61 

igo 

92 *35 

63 40 

497 OS 

.560 45 

1222 


Q009 

I 023T 

I 58 

195 

93 90 

65 os 

496 00 

561 03 

1250 


8962 

I .0212 

1*54 

200 

95 45 

66 75 

494 97 

561 72 

- 1270 


8915 

I OT94 

I so 

205 

96.18 

68 30 

493 95 

562 25 

, 1306 

.8870 1 

I.OT76 

T 47 

210 

98.5 

69 90 

492 95 

562.85 

1333 


8825 

X.OI58 

I 43 

215 

\ 

100 05 

7 t so 

492.00 

563-50 

.1360 


87S0 

I.OI4O 

1*39 
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TABLE 8. —PROPERTIES OF SULPHUR DIOXIDE (SO,). 
(Chap, xxrv. p. M7.) 



P 

Q 

r 


4 >y 

Sp. Vol. 

-40 

3 

-23.3 

174 I 

— .047 

3<>S 

20 9 

-.30 

4.5 

— 20.0 

173 -5 

— .041 

. 3<^2 

16.0 

— 20 

6.1 

-16.8 

172 s 

- 034 

3S8 

12.0 

— 10 

8 0 

”-13.5 

171 7 

— 028 

•354 

9 2 

0 

10.3 

-10 3 

T 70.6 

— 021 

•350 

7.2 

to 

13 3 

- 7 0 

169 2 

-.015 

.346 

5 0 

20 

17 0 

- 3.8 

167.3 

— 008 

341 

4 6 

30 

' 21 5 

- 0 5 

165.0 

— 001 

•335 

3 7 

40 

27 I 

2 6 

T62.0 

005 

330 

3 0 

50 

33.5 

5 9 

158.8 

012 

324 

2 44 

60 

41 0 

9.2 

155 0 

018 

318 

2 0 

70 

50 0 

12.5 

151 3 

.025 

.312 

1,7 

80 

60,0 

IS 7 

147 0 

.032 

•30s 

1 4 

90 

72 0 

19 0 

142 3 

038 

. 298 

1.1 

100 

84. s 

22 2 

137 5 

045 : 

290 

0.9 


TABLE Q. — PROPERTIES OF CARBON DIOXIDE (CO,). 
(C5iap. XXIV, p, 007 ) 


< 

P 

Q 

r 


0, 

S]> Vol 

-30 

18s 

oc 

Cl 

i 

130 0 

— 0()0 

. 240 

•490 

— 20 

225 

-23 Q 

126 5 

- 051 

• 23s 

.417 

— 10 

265 

-IQ 7 

122 0 

— 042 

.230 

• 350 

0 

310 

-15 2 

IT7 8 

— .032 

.224 

294 

10 

360 

— 10 8 

IT2 0 

— 022 

218 

246 

20 

420 

- 5 9 

106 5 

— OT2 

2II 

206 

30 

490 

— 0 8 

TOO 0 

— 001 

204 

172 

40 

570 

+ 46 

05 0 

010 

107 

145 

50 

655 

10 3 

8s 9 

021 

.189 * 

. 120 

60 

750 

16 8 

76 0 

034 

. 180 

. TOO 

70 

850 

24 5 

64 0 

.048 

169 

.081 

80 

1 965 

35 0 

46 0 

067 

•153 

062 

88 5 

1070 

. 3 Q .3 

0 0 

.112 

112 

035 


$&.$ is critical temperature for COt. 
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TABLE 10. — AMMONIA ABSORPTION IN POUNDS OF AMMONIA 
ABSORBED PER POUND OF WATER. 


Temperature 


Pressure Pounds per Square Inch Absolute. 


“F. 


30 

as 

30 

35 

40 

10 

1,38 

1 76 

2 15 

2-54 

2.92 

3 34 

20 

I 09 

1.40 

1.70 

2 01 

2 SI 

2.64 

30 

92 

I 18 

I 43 

1,69 

I 94 

2.21 

40 

,80 

I 01 

1.23 

1.46 

1.67 

1 91 

50 

.70 

.89 

I 08 

I - 3 ^^ 

r 48 

I 68 

()0 

■ 63 

.80 

96 

2.14 

1-31 

i.49 

70 


•71 

.86 

1.02 

1 17 

^ 34 

80 ! 

so 

,64 

78 

92 

1 06 

I 20 

90 

•45 1 

•57 

.69 

82 

95 

I 08 

100 

40 

51 

.62 

73 

84 

.96 

110 

36 

46 

56 

67 

76 

i ^7 

120 

-33 

4T 

50 

60 

69 

.78 

130 

20 

39 

•45 

54 

.62 

7 ^ 

140 

. 26 

33 

-40 

.48 

55 

.62 

150 

23 

29 

36 

•42 

.4S 

-55 

160 

20 

26 

31 

-38 

43 

48 

170 

i8 

-!3 

28 

33 

38 

33 

43 

180 

16 

! 

23 

.28 

37 

IQO 

13 

17 

20 

.24 

28 

32 

200 

12 

14 

17 

. 20 

23 

. 26 


TABLE II. —PROPERTIES OF NaCl BRINE. 


(Chap. XXIV, p. 1009.) 


Per cent of the 

Specific 

Pcgrecs on 

Frccaang 


Salt by Weight 

Gravity at 

39 “ F. 

Salomcter at 
Oo*F. 

Point. 

“F. 

Specific Heat. 

1 

1 007 

4 

+30 s 

992 

2 

l 015 

8 

“i- 29*3 

984 

2 5 

1 oig 

10 

4-28 6 

q8o 

3 

i 023 

12 

4 - 27-8 

.976 

3 5 

1 026 

14 

■f 27 I 

972 

4 

I OjO 

16 

"f 26 6 

968 

5 

1 037 

20 

4-25 2 

gfio 

6 

* 045 

24 

+ 23 9 

946 

7 

I 053 

I 28 

-422 5 

.932 

8 

I 061 

32 

4 ' 2 I 2 

919 

9 ! 

1 o6vS 

36 

4 'I 9.9 

905 

10 

1 076 

40 

4-18 7 

i 892 

12 

i 091 

48 

4 'i 6 .o 

! .874 

15 ‘ 

I X15 

bo 

4-12 2 

855 

20 

1 ^55 : 

80 i 

6 I 

.829 

24 

1.187 

96 ! 

4- 1.2 

•705 

25 

T iq6 

300 

4-05 

783 

26 

1 204 : 

104 

1. t 

771 
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TABLE 12. — PROPEKTIES OF CaCl# BRINE, 

(Chap. XXIV. p. loop.) 


Per cent of the Salt by Weight 


2 . 

3 ' • 

4 . 

5 • • 

6. .. . 

7 • 

8 . 

9 . 

10 

11 

12 , . 

13 

14 . . 

15' 

16 

17 

18 

to 

20 

21 

22 

23 

24 . 

25 

26 

27. . . 

28. 

29 .... 

30. . .. 
3 * 


specific Gravity 
at F. 

Degrees on 
i Salometer at 
60® F. 

1.007 

4 

1.015 

8 

1.024 1 

12 

1.032 

16 

1.041 

22 

I 049 

26 

X 058 

32 

I 067 

36 

1 076 

40 

I 085 ' 

44 

I 094 

48 

1.103 

52 

I 112 

58 

1 121 i 

62 

I 131 

68 

r 140 

72 

1.150 

76 

1 t 5 Q 

80 

1 i6q 

84 

I 179 ! 

88 

I 189 

92 

t 199 

96 

1 209 

100 

T.219 

104 

I 229 ! 

108 

I.240 i 

U2 

I 250 

116 

I 261 

120 

I 272 


1 283 


1.294 



Fvtmsdng Point. 
®F. 

Specific Heat* 

+3110 

996 

+30.38 

.988 

+ 29 48 

.980 

+ 28 58 ; 

972 

+ 27.68 

.964 

+ 26.60 

.960 

+ 25 52 

• 93 t> 

+ 24 26 

■ 92s 

+ 22 8 

911 

+ 21 3 

.^6 

+ 19 7 

890 

+ 18 1 

884 

+ 163 

876 

+ 14 3 

.868 

+ 12 2 

860 

+ TO 0 

854 

+ 7 5 

849 

+ 4.6 

844 

+ 1,7 

•839 

- 1.4 

834 

- 4 9 i 

82s 

-SO 1 

817 

-11 6 

808 

-17.1 

709 

-21 8 

790 

— 27 0 

.778 

— 3 2 6 

■ 760 

— 39 2 1 

757 

-46 3 


- 54'4 1 


~52 5 i 

. 
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INDEX 


Abrasio!n test, 155, 

Abfiorbmg power of reagents in flue 
analysis, 530, 

Absorption ciynamometers, 276* 

Alden brake, 2S4. 

Brakes employing friction of Kquida, 286. 
Prony brakes of different types, 276-280. 
Absorption system of refrigeration, 999. 
Accelerated test for cement, 163. 

Add tests for oils, 245. 

Acoustic current meter, 403, 

Adiabatic compression of dry air, 056. 
Adulteration ot oils, 243. 

Air compressing maciiinery, types of, 938. 
Air compression, adiabatic, 956. 

Air compression, combined diagram for 
multistage, 969. 

Air comf)resaion, elMency of, 965. 

Air compression, efbciency in multistage, 
07 ^* 

Air compression, interc(x>ler, 967. 

Air compression, isothermal, 955. 

Air Compression, slip, 963. 

Air compression, temperature rise, 957. 
Air compression, work of, 954. 

Air compresscjr, cooling of, 939. 

Air compress»>r, effect of clearance in, 963. 
Air compressor horse jx>wcr, 961. 

Air compressor, hydraulic, 947. 

Air compresstir, mechanicid elflciency of, 
966. 

Air compressor, multistage, 967. 

Air compressors, piston, 938. 

939 . 

Water injection, 939. 

Wet, 939. 

Air compressor, Hateau turbine, 946. 

Air compressors, rotary or positive, 942. 
Ait compressor tests (see testing of air 
compressors). 

Air compressor, turbine, 945. 

Air, dry, characteristics of, 949. 

Air, dry, ^ork of cciimprcssion, 955. 

Air horse power, 966. 

Air horse power, centrifugal fan, 983. 

Air, humidity or, 950, 

Air lift, 1084. 

Air machines, for refrigeration, 998, 

Air, moist, characteristics of, 950, 


Air, moist, work of compression of, 958. 
Air, physical characteristics of, 949. , 

Air r^^uired for combustion of fuel gases 
858-860. 

Air thermometer, 199. 

Air thermometer, corrections for, 199. 

Air thermometer,directions for use of, 20a 
Alcohol fuel, 861. 
iVlden brake, 284. 

American Boiler Manufacturers’ Associa¬ 
tion spedfleations, 143. 

American Foundiymen’s Association, 
standard spedfications for testing 
gray cast iron, 149. 

American Society for Testing Materials, 
spedikalions for cement, 163. 
American Society of Ci\ul Engineers and 
American Society for Testing ’ Ma¬ 
terials, standard method of testing 
cement, 158. 

American Waterworks Association, stand¬ 
ard sjiecificalions for cast-iron water 
pipe, 151* 

Ammonia, absorption in water, tabic, 1109. 
Ammonia compression, wet and dry, 1021. 
Ammonia compressor1004. 

Ammonia cximpressor indicator diagram, 
1021. 

Ammonia condensers, 1007, 

Ammonia, properties of, table, 1107. 
Ammonia, weight of in drculation, 1024. 
Amsler polar planimeter, 21. 

Analysis of coab 
Ash, 505. 

Fixed carbon, 504. 

Moisture, 502. 

Volatile matter, 502. 

Analysis of exhaust gases, 877. 

Analysis of fuel gases, 868. 

Analysis of fuels, 500. 

Anemometer, 439. 

Anemometer calibration, 440, 
Anemometers, use of, 441. ^ 

Angular deformation, deflnition oE 51, 
Approximate formula for flow of steam 
through orifices, 442. 

Approximate method of determining 
chemical analysis of coal on basis or 
proximate analysis, 507. 

tiiS 
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INDEX 


Apron method of determining velocity in 
channel, 399. 

Arndt ei'onometer, 528. 

Ashcroft oil testing nwchine, 267. 
Aspirator for flue gas sampling, 5x4-516. 
Atomic weight of gases, 855. 

Atwater bonib calorimeter, 474. 
Autographic apparatus, combined with 
extensometer, 107. 

Autographic diagrams, 14. 

Autographic tachometers, 23. 

lUgREt calonmeter, 550, 

Barrel adorimeter, directions for use, 552. 
Barrus continuous calorimeter, 556. 
Barms superheating calorimeter, 558. 
Base metal thermocouples, 213. 
Bauschinger exienaonieter, loo. 

Beam formulas, 60. 

Beaume hydrometer, 246. 

Beauin^ hydrometer scale with corre¬ 
sponding specific gravities, table of, 
1091. 

Belt dynamometer, 306. 

Belt testing machine, 318. 

Belt tests (see testing of belts). 

Bending test, 135. 

Blower, centrifugal or volume. 943. 
Blowa:, rotarv or positive, 942. 

Blower tests (see testing of centrifugal 
fans). 

Bomb calorimeter, 471. 

Bomb calorimeter, calculations for, 480- 
483, 

Bomb calorimeter, directions for use, 47^- 
Boston micrometer exteusometer, xoO. 
Boult’s lubricant testing machine, 268. 
Bourdon gauge, 181. 

Boyle’s law, 327. 

Brakes, 

AJden, 284. 

Elex'trir generator a bsorptiond^mamom- 
eter, 291, 

Electro-magnetic, 290. 

Employing friction of liquids, 286. 

Fan, a8o. 

Pump, 288. 

Prony, 276-280. 

Self-regulating, 283 
Westmgliouse, 287- 

Brauer’s method for measuring continu¬ 
ous flow by means of orifices, 367. 
Brayton cvxle, 349' 

Breaking load, 53. 

Breast wheel, 1047. 

Brine used for cooEng, properties of, 
loog. 

Brine used for refrigerating purposes, 
table of properties of, xiog, mo. 
Brinell ball test for hardness, 136. 


Bristol pyrometer, 214. 

Bristol recording gauge, 187. 

Burnham steam meters, 454. 

Burning point in oils, detinition of, 256- 
Burning point in oils, method of deter¬ 
mination of, 256. 

Busby extensometcr, 102. 

CalculatinCt machines, 

Brunsviga, 49. 

Fuller rule, 19. 

Grant, 40. 

Slide rule, 16. 

Thatcher rule, 18 

Calculation, approxirmite, rules and for- 
mulai for, 8. 

Calculations, numerical, accuracy of, ir. 
Calibration of anemometers, 440. 
Calibration of current meters, 404. 
Calibration of gas meters, 437. 

Calibration of indicator springs, 597-605 
Calibration of merx iiry thermometers, 
220 

Film or stem correction, 221. 

Test for boiling j>oint, 220. 

Test for freeing point, 221. 

7 ’est for other temperatures, 221. 
Calibration of Morin dynamometer, 295, 
Calibralion of nozzles, 380. 

Calibration of orilices, 365. 

Calibration of Pitot tubes, 409. 
Calibration of planimeters, 37. 

Calibration of pressure gauges, 188-191. 
Calibration of p3rometcrs, 222. 

Optical and radiation p)TomeltTS, 224. 
Rcbistance thermometers, 223. 
Thermocouples, 222. 

Calibration of thcrmomcliTs and pyrom¬ 
eters, 219 

Calibration of Venturi meter, 380. 
Calibration of water meters, 396. 
Calibration of Webber dynamometer, 301. 
Calibration of weirs, 380. 

Calorific power, 466. 

Calorimetric methods of engine testing, 
^ 799 - 

Calorimetric pyrometers, 206. 
Calorimetry, fuel, 470. 

Capacity test of steam engine, 726. 
Capacity water meters, 

Carbon dioxide, properties of, table, iioS. 
Carburetors, 846. 

Carnot cycle, 347, 351, 352. 

Carnot efficiency of steam engines, 729. 
CartJienter cx>al calorimeter, calculations 
for, 489. 

Carpenter fuel calorimeter, 485, 
Cathetometer, 47. 

Cement test, accelerated or hoC 163. 
Cement test, normal, X63. 
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Cement testing (see testing of cement). 

Cement testing machines, 96. 

Center vent turbine, 1059, 

Centrifugal blowers, 943. 

Centrifugal fan, action of, 981. 

Caitrifugal pump, 1068. 

Centrifugal pump, testing of (see testing 
of centrifugal pumps). 

Centrifugal pump, theoretical lift or head, 
1074 , 1075 - 

Centrifugal pump, theoretical power, 
T074. 

Centrifugal pump, theory of action, 

1071. 

Centrifugal pumps, classilication of, 1071”- 
1074 - 

Change of entropy at constant pressure 
in gases, 333. 

Change of entropy at constant volume in 
gases, 332. 

Change of entropy in gases, general case, 
333 - 

Charles’s Law, 327. 

Chemical or ultimate analysis of coal, 501 . 

Chemical steam calorimeter, 575. 

Chill point, determination of, 252. 

Chronograph, 232. 

Cistern manometer, 171. 

Clearance determined from indiaitor 
diagram, 652. 

(Clearance, effect of in air compressors, 963. 

Clausius cycle, 352, 353. 

Coefficient of contraction, 361. 

Coal analysis, 501. 

Coefficient of discharge for orifices used 
for measuring gas, 424-429. 

Coefficient of discharge for steam in 
orifice measurements, 440-452. 

Coefficient of discharge for Venturi meter, 
Herschel’s experiments, 371. 

Coefficients of discharge for water through 
mouthpieces, 364. 

Coefficient of efflux or discharge, 361, 

Coefficient of friction, belt transmission, 

323- 

Coefficient of friction, flow of water in 
pipes, 414. 

Coefficient of friction for oils, measure¬ 
ment of, 256. 

Coefficient of friction in oils, 236, 

Coefficient of friction in belt drives, 323. 

Coefficients of friction, table of, 1090. 

Coefficients of heat transmission, table of, 
ion. 

Coefficient of performance, ideal, 1014. 

Coefficient of velocity, 361, 

Coffin pknimeter, 31. 

Coffin planimeter, theory of, 31, 

Cold ijas efficiency of gas producer, 903. 

Combination gas producer, 853. 


Combined diagram for multicylinder steam 
e^ne, construction of, 661H&70. 
Comffined diagram for two-stage air com¬ 
pressor, 9^-972. 

Comnustian, 463. 

Combustion, air required for, 858, 
Combustion calculations, 512. 
Combustion, heat of, 466. 

Combustion, losses in, 531* 

Combustion of elementary fuels, 466. 
Combustion of fuels containing hydrogen, 

467. 

Combustion of hydrogen, 467. 
Combustion, temperatures attained in, 

468. 

Combustion, weight and volume rela¬ 
tions, 465. 

Composition of fuels, 498. 

Compressed air, pumping by, 1084. 
Compression loading, formulas for, 56. 
Compression micrometers, 

Olsen, 112, 

Riehl6, m. 

Compression of ammonia, wet and dry, 
1021. 

Compression of dry aii, 955. 

('ompression of moist air, 958. 
Compression refrigeration plant, 1004. 
Compression test machines (see testing 
machines). 

Compression tests, directions for, 125. 
Compression tests, form of test piece, 125. 
Corapressfir horse power, 966. 
Computations, aids to, 48. 

Condensing calorimeter, forms of, 550. 
Constancy of volume in cements, 163. 
Constant-pressure engines, 841. 

Constant-volume engines, 841. 

Continuous Jet calorimeter, 552. 
(Continuous speed counter, 228. 
Contraction in weirs, 373. 

Cooling effect of refrigeration, 1028. 
Cooling of air compressors, 939, 

Cooling systems in refrigeration, 1007, 
Counting devices, 227, 

Cradle dynamometers, 314. 

Critical pressure for steam in orifice 
measurements, 448. 

Critical pressure in orifice and noiSzle 
measurements with gases, 421. 

Crosby gai^e testing apparatus, 191. 
Crosby indicator, 58(). 

Cross section fmper, logarithmic^ 

Crude oil, 860. 

Current meters, 402, 

Current water meters, 387. 

Curtis turbine, 812.^ 

Cycles and their efficiencies, 346. 

Cycles for steam, 351. 

Carnot, for saturated steam, 331, 
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Cycles, Camot, for wet, dry, or super¬ 
heated vapor, 352. 

Clausius, for saturated steam, 352. 
Clausius, for superheated steam, 353. 
!Rankine, for saturated steam, 354. 
Rankme, for superheated steam, 355. 
Cylinder condensation, 657. 

Cylinder efficiency of steam engines, 729. 

Dea 0 weight calibfration of indicator 
springs, 507. 

Deflection in transverse loading, 58. 
Deflectometer, in. 

Deformation, definition of, 51, 

DeLaval steam turbine, 810. 

Denny & Johnson torsion meter, 313. 
Density of gases, 855. 

Density of oils, method of determination, 
247. 

By weighing, 247. 

With hydrometer, 247. 

Depth of water over weirs, 372. 
Determination of average velocity in 
streams, 404. 

Determination of radiation rate for bomb 
calorimeter, 476. 482. 

Dew point apparatus, 952, 

Diagram, stress-defornmtion, 53. 

Diagram water rate, 653. 

Diagram water rate, approximate for¬ 
mulas for, 656. 

Diagram water rate for multicyJinder 
engine, 655. 

Diagrams, autographic, 14. 

Diaphragm gauge, 182. 

Diesel cycle, 350. 

Differential dynamometer, 300. 

Diffuser, in fan blowers, 943. 

Dilution coefficient flue gas analysis, 538- 
Directions for compression testing, 125. 
Directions for taking indicator diagrams, 
636 

Directions for tension tests, 118. 
Directions for torsion testing, i29-'i3i. 
Directions for transverse testing, 127, 
Direct shear, 61. 

Direct shear tests, 132. 

Disc fan, 94J. 

Displaced diagrams and time diagrams, 
676. 

Doble impulse wheel, 1049. 

Dosch smoke observer, 542. 

Double zone producer, 854. 

Down draft producer, 854. 

Draft gauges 175. 

Drifting test, 135. 

g rop tests, 94 i 133^ 
ty air, characteristics of, 949. 

Dry ^ meters, 434. 

Ductility, definition of> 52. 


DuLoi^^s formula, 511. 

Durability of lubricants, 266. 

Durability testing mat^ines, for oil, 267. 
Durability tests of oils, directions for, 
270, 

Durand dynamometer, 306. 

Duty of pumping engine, 775. 
Dynamometer car, locomotive tests, 795 
/>^amometer, traction, 292. 
Dynamometer, transmission, 293. 

Belt, 306. 

Denny & Johnson, 313. 

Differential or Webber, 300. 

Durand, 306. 

Emerson [lower scale, 304. 

Fottinger, 314. 

General tyjies, 293. 

Kenerson, 310. 

Lewis, 298. 

Morin, 293. 

Pillow block, 297. 

Steel yard, 296. 

Torsion, 309, 312. 

Van Winkle, 305. 

Kckhardt steam meter, 457. 

Economy test of steam engine, 726. 
Edson recording gauge, 185. 

Efficiency in multistage air compression, 
972 - 

Efficiency standard for locomotive.s, 787. 
Ivfficiency standards for ste«'im engine, 728, 
Efficiency of ac tual refrigeration process. 
1019, 

Eflicrency of air compre.s.sion, 

Mechanical, 966. 

Volumetric, 963, 964. 

Efficiency of belt transmission, 323. 
Efficiency of centrifugal fans, 
Manometric, q8$. 

Mechanical, 986. 

Volumetric, 986. 

Efficiency of centrifugal pumps, 1074. 
Actual, 1077, 

Hydraulic, 1076. 

Manometric, 1076. 

Efficiency of cooler in refrigeration. 1020. 
Efficiency of gas engine, 

Cylinder, 921. 

Mechanical, 923. 

Thermal, 922. 

Volumetric, 924. 

Efficiency of gas producers, 905. 

Efficiency of hydraulic ram, 1039. 
Efficiency of impulse wheel, 1052. 

Actual or gross, 1052. 

Hydraulic 1052. 

Efficiency of injector, 833, 

Efficiency of injector, as a pump, 834. 
Heat, 835. 
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Efficiency of insulation, loisr. 

Efficiency of jet pump, 1043. 

Efficiency of pulaometet, 1082. 

Efficiency of refrigeration process, 1033. 
Efficiency of steam engine, 

Carnot, 

Cylinder, 729. 

Mechanical, 730. 

Thermal, 729. 

Thermodynamic, 730, 

Efficiency of steam turbines, 

Cylinaer, 8a i. 

Potential or ('lausius, 821. 

Thermal, 820. 

Efficiency of water*pressure engines, 1044, 
Efficiency of water turbines, 1057, 1062. 
Efficiency of water wheels, 1046-1048. 
Efficiency, mechanical, of ammonia plant, 
^ 1033 ' 

Efficiency, plant, 730. 

Efficiency tests, 3. 

Ejector, 832. 

EL'istic curve in transverse loading, 58. 
Elastic limit, definition of, 32. 

Elastic limit strength, definition of, 52. 
Elasticity, modulus of, 52. 

Electric generator absorption d3aiamom- 
eter, 291 

Electric meters for measuring gas, 444.^ 
Electric pyrometer, compensating devdee 
for low resistance tvi)e, 215. 

Electric pyrometer, high resistance type, 

213 , 

Electric pyrometer, low reristance type, 

213- 

Electrical measurement of power input 
and output, 315. 

Electrical methods of measuring temjx'ra- 
lure, 209, 

Electromagnetic brake, 2 qo, 

Elementary fuels, tombustion <»f, 466. 
Ellison universal steam calorimeter, 578. 
Elongation, ei^uivalent in tension tests, 
123. 

Emerskin bomb calorimeter, 475. 

Emerson power scale, 304. 

Emery material testing machine, 72, 78, 
82. 

Empirical formulas, deduction of, 7.^ 
Engineering or proximate analysis of 
coal 50. 

Engines, water pressure, T043, 

Entropy diagram for ammonia, 996. 
Entropy diagram for gas engine, 685. 
Entropy diagram for steam engine, 670- 

675- 

Entropy of gases, 332. 

Entropy of vapors, 340* 

Equation of state or condition for ideal 
gas, 327. 


Equivalent elongation m tension tests, i 
Ericsson cycle, 348. 

Ericsson engine, 936. 

Errors, accidental, 4* 

Errors, combination of, 7. 

Errors, experimental, clasafficatiem of, 4. 
Errors in different tyiKJS of planimeters, 

Errors in engine indicators, 595, 

Errors in engine indicators, discussion 
of ejects, 612 -620. 

Errors in flue gas analysis, sso, 531, 538. 
Errors in weighing, 360. 

Errors in weir measurement, effects of, 
380, 

Errors of single observations, 5. 

Errors, mean, 5, 

Errors, neglect of, 10. 

Errors, probability of, 5. 

Errors, systematic, 4. 

Ertel current meter, 402* 

Evaluation of indi^tor diagrams taken 
with faulty springs, 608-612. 
Evaporation, factor of, 722'-724. 

Excess air, compulation for, in gas engine 
tests, 880. 

Excess coefiident, flue gas analysis, 538. 
Exhaust gas analysis, 877. 

Exhaust, heat loss in, 877-883. 

Exhaust loss, experimental determina¬ 
tion of, 883. 

Expansion and fusion pyrometers, 205. 
Expansion, ratio of, 645, 748. 
Experiments, classification of, 3. 
Explosion recorder, 909. 

Exlensometer, 

Bauschinger, 100. 

Boston, 106. 

Busby, 102. 

Combined with autographic apparatus, 
107, 

Henning, 104, 

Johnson, 103 

Kenerson autographic, no. 

Marshall, 105, 

Olsen, 106. 

Olsen wire, 107. 

Payne, 102. 

Strohmeyer, loi. 

Thurston, 103. 

Extensometer, forms of, 100. 
Exlensometer and autographic apparatus 
combinevl, 107. 

External latent heat, definition of, 334, 

Factor of evaporation, 722-724, 

Factor of safety, definition of, 53. 
Fairbanks automatic cement tester, 96, 
Fan, air horse power, 983* 

Fan blowers, 943-945. 
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Fan blower» diffuser, 04.V 
Fan brakes, 289. 

Fan, centrifugal, action of, 981. 

Fan, disc, 943, 

Fan, bead produced by, actual, 982. 

Fan, head produced by, theoretical, 981, 
Fan tests (see testing of centrifugal fans). 
Fan, work done by, 983. 

Fatigue test, 137. 

Favre & Silbenxuinn fuel calorimeter, 483, 
Fery absorption pyrometer, 210. 

Fery radiation pyrometer, 217. 

Figure of merit, gas producer tests, 904. 
Fineness of cement, 159. 

Flash point of oil, method of determina¬ 
tion, 254, 255. 

With open cup, 254. 

With closed cup, 255. 

Float measurement of velo(‘ity, 397. 

Flow of air» formulas for, 432. 

Flow of steam, Grashof’s formula, 452, 
Flow of steam in pij^es, 463. 

Flow of steam, Napier’s formula, 453. 
Flow of steam through orifues, approxi¬ 
mate formulas for, 442. 

Flow of water in pij>es, 412. 

Flow of water over weirs, 372. 

Flue gas analysis, 512, 517. 

Flue gas analysis, accuracy of, 530. 

Flue ga.s analysis aj)paratus, automatic 
tyi>es, 527. 

Flue gas analysis apparatus, general 
forms, 520, 

Flue gas analysis apparatus, method of 
operation, 520. 

Flue gas analysis, 

Determination of CGj, 517. 
Determination of carbon monovide, 
518, 

Determination of hydrogen, 519. 
Determination of moisture, 519. 
Determination of oxygen, 518. 

Flue gas analysis, errors in, 530, 531, 538. 
Flue gas analysis, reagents used, 517, 520. 
Flue gas analysis, sampling, 513. 

Flue gas apparatus, 

Elliott, 522. 

Hempel, 525. 

Orsat, 524 

Flue loss in boilers, computation of, 531“- 
538, 

Flue losses, (lassification of, 531, 

Fluid friction in gas engines, definition of, 
678. 

Fluid pressure methods of calibrating indi¬ 
cator springs, ho2, 

Forging test, 135. 

Formulas for beams, 60, 

Formulas for compression loading for 
long columns, 56. - 


Formulas of compression loading for short 
columjis, 56. 

Formulas, empirical, deduction of, 7. 
Formulas for tension loading, 55. 
Formulas for torsion loading, 61. 
Formulas for transverse loading, 57. 
Foumeyron turbine, 1056. 

Four-cycle gas engines, 843. 

Fbttingcr torsion meter, 314. 

Frahm’s resonance tachometer, 231. 
Francis turbine, 1059. 

Free evaporation, 333. 

Friction brakes, 276-288, 

Friction, classification of, 237. 

Friction of motion, 237. 

P'riction of rest, 237. 

Friction, 

Angle of repose, 236. 

Coefficient of friclion, 236. 

Definitions, 236. 

Normal force, 236. 

Total iiressiirc, 236. 

P'riction horse j>owcr in gas engines, 908 
P'riction of ball and roller bearings, 271. 
Friction of cords and belts, 23H. 

P>iction of fluids, 241. 

P'riction of pi\ ots and collars, 238. 

Fuel analysis, 500, 

P’ucl calorimeter, continuous 471. 
P'uel calorimeter, discontinuous type, 471, 
Fuel calorimetry, 470. 

Fuel gas, analysis of, 868. 

Fuel gas analysis, apparatus for, 871-875. 
P^uel gases, constants for, 858. 

Air required for combustion, 858. 
Heating value, 858. 

P'uels, (lassificalion of, 499. 

P^ueLs, c(»nimerci.tl, aovS 
Panels, gas engine, 846 
P\iller’s slide rule, 19. 


Gas analysis, 

Heirix apparatus, 871. 

Siebert-Kvihn apparatus, 875. 

Gas cycles, 347. 

Bray ton, 349. 

Carnot, 347. 

Diesel, 350 
Ericsson, 348, 

Otto, 349. 

Stirling, 348. 

Gas engine, 

Constant pressure, 841. 

Constant volume, 841. 

Cylinder arrangement, 846. 

Four-cycle, 843. 

Two-cycic, 844. 

Gas engine diagrams, discussion of, 678-* 
685. 
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Gas engine diagrams, inertia effects in, 
684. 

Gas engine diagram, lower loop, 678, 680. 
Gas esngine diagram, pump, 678. 

Gas engine diagrams, abnormal features, 
680--685. 

Gas engine, fluid friction loss in, 678. 

(Jas engine, friction horse power, 908. 

Gas engine fuels, 846. 

Gas engine, hunt balance, 920. 

Gas engine, indicated horse power, 901. 
Cias engine testing (see testing of gas 
engines) * 

Gas meters, 

434 ' 

Turbine, 436. 

Wet, 432. 

Gas meter calibration. 437. 

(ias meter capacities, 437. 

Gas producer, 

Combination plant, 853. 

Double zone, 8e;4. 

Down draft, 854, 

Pressure, 851, 

Series, 854. 

Suction, 851. 

(ias producer etbciency, 903 
(ias producer, figure of merit, 904 
Gas j)roducer, h(‘at balance, 800-oop 
(ias producer testing (see testing of gas 
producers). 

Gas producer, tyfK's of, 850. 

Gas thermometer, theory of, 196 
Gases, 

Atomic weight, 855 
Density, 855. 

Specific weight, 835 

Gases, hydrocarbon, table of contents 
for, 858. 

Gases, pressure and volume changes, 
Adiabatic, 330. 

C.onstrint pressure, ^2q. 

Constant volume, 330, 

Iscntropic, 330, 

Isothermal, 330. 

Pi'W'«= (xmstant, 331. 

Gases, table of constants for, 857. 

Gases, table of mean specific heals, 469. 
Gasometer, 430. 

Gauge calibration, 188. 

By comparison with mercury column, 

189. 

By conipariac.)n with other gauges, i88. 
By comparison with standard weights, 

190. 

Gauges, corrections for, 192. 

Gauge syphons, 185. 

Gauges, presstire. 

Bourdon, rSi, 

Diaphragm, 182. 


tin 


Gauges {continued)^ 

Draft, 175, i 8 z. 

Recording, 185, 186, 187. 

Vacuum, 185. 

Generators used as brakes, 317. 

Graphical representation of experimental 
results, 12. 

GrashoPs formula, flow of steam, 452. 
Gumming or drying tests for oils, 245. 
Baijey's apparatus, 245. 

Nasmyth’s apparatus, 245. 

Hammer test, 135. 

Hammond water weigher, 384. 

Hand speed counter, 227. 

Hardening test, 135. 

Hardness test, 136. 

Head of water over weirs, 372. 

Head on weirs, measurement of, 378. 
Head pumped against, centrifugal pump, 
1074, 1075. 

Head pum^ied against, steam pump, 774. 
Heal analysis, 799. 

Heat analysis applied to multicylinder 
engines, 806. 

Heat balance for boiler, 721, 

Heat balance for gas engine, 920. 

Heat balance for gas producer, Hocr-go;}. 
Heat balame for hot-air engine, 933. 

Heat balance for steam engine, 73i. 

Heal chart, 337. 

Heat diagram for steam, use of, 337. 

Heat efiiciency of injector, 835. 

Heat lost in exhaust of gas engine, com¬ 
putation of, 877-883. 

Heat ot combustion, 466. 

Heat of the liquid, definition of, 334. 

Heat transmission, coefheienU of, table, 
1011 

Heat unit, 325. 

Heating value, fuel gases, 838. 

Heating value of fuels, by computation, 
510. 

Heating value of fuels, determination of, 

505* 

Heinz apparatus for gas analy.si.s, 871. 
Heisler impact testing machine, 94. 
llempel fuel calorimeter, 473. 

Henning exlensometer, 104. 

Hersey rotary meter, 390. 

Hersey torrent meter, 387, 

Hess testing machine for friction of ball 
and roller bearings, 272. 

Higher and lower heating value of fuels, 
467. 

Ilirn’s analysis, 799-806. 

Hoadley calorimetric pyrometer, 208. 
Hoadlcy draft gauge, i8i. 

Hoadley xSteam calorimeter, 554. 

Holborn pyrometer, a 16. 

Hook gauge, 378. 

Hopkinson optical indicator, 640. 
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HoriKontal and vertical shear in trans¬ 
verse loading, 5^. 
ttorae power, deSnition of, 276. 

Hot-air engines, methods of operation, 
025. 

Hot-air aa^nes tests (see testing of hot¬ 
air engines). 

Hot-air ermines, types of, 925* 

Hot gas cradency of gas producer, 904. 
Hot-water meters, 394, 

Humidity, absolute, 951. 

Humidity chart, 954 
Humidity, determination of, 951. 
Humidity of air, definition of, 950. 
Humidity, relative, 951* 

Humidity tables, 11 oo~ 1104. 

Humphrey internal combustion pump, 
1082. 

Hydraulic compressor, 947. 

Hydraulic machinery, classification of, 
1037. 

Hydraulic ram, 1038. 

Hydraulic ram, efficiency, 1039. 
Hydraulic ram tests (see testing of hy¬ 
draulic rams). 

Hydrodyiiamometer, 400. 

Hydrometric pendulum, 400. 

Hyperbola, method of drawing, 648. 

Ice machine (see refrigeration). 

Ice machines, testing of (^e testing of 
vapor compression refrigerating ma¬ 
chines). 

Ice making, ioo8 

Ice making capacity, 1028. 

Ic*e melting capacity, 102B. 

Impact tests, 132. 

Impact testing machine, 94. 

Impulse type of steam turbine, 808. 
Impulse water turbine, 1043. 

Impulse water wheel, 1049. 

Impulse wheel, Doble, 1046. 

Impulse wheel, theory of action of water 
on buckets, 1050-1052. 

Impurities in oils, 243. 

Indicated horse power, 947. 

Indicated horse power, formula for, 582. 
Indicated horse power, ga.s engines, 907« 
Indicated horse ix)wcr, hot-air engines, 
933. 

Indicator diagram (see also steam engine 
indicator diagram). 

Indicator diagraih, ammonia compressor, 
1021. 

Indicator diagram, directions for taking, 
636. 

Indicator diagram, displaced and time, 676. 
fedicator diagrams, effects of bad steam 
connections, leaky valves and pistons, 
6 ^. 


Indicator diagram, errors due to indica¬ 
tors and indicator connections, 658. 
Indicator diagram, errors due to valve 
setting, 658. 

Indicator diagram, evaluation of, 60S- 

6t2. 

Indicator diagram, steam chest and steam 
ph>e, 675. 

Indicator diagram for four-cycle engines, 
67 S-680. 

Indicator diagram for two-cycle engines, 
685. 

Indicator diagrams for gas engines, dis¬ 
cussion of, 678-685. 

Indicator diagrams, various fornls, 657. 
Indicators for ammonia machines, 592, 
Indicator, optical, 637, 638, 640. 

Indicator sxirings, calibration of, 605. 
Indicator springs, forms of, 597. 

Indicator springs, scale of, 608. 

Indicator, steam engine (see steam engine 
indicator). 

Inferential water meters, 387. 

Injectors, 

Monitor, 832. 

Penl>erthy, 830. 

Schiilte-Koerting, 831. 

Injector blower, 946 
Injector, general theory of, 827. 

Injector, beat efticiency ol, 855. 

Injector, pump efficiency of, S34. 

Injector tests, 835, 

Injector tests, re{K)rl, 837-840. 

Injectors, construction and operation, 829, 
Insulation, 1010, 

Insulation, efficiency of, 1011. 

Insulation, testing of, 1011. 

Intercooler, in air compression, 967. 
Internal horse power, steam turbine, 819. 
Internal latent beat, definition of, 334. 
Isentropic or adiabatic curve for steam, 
050. 

Isothermal compresbiou of dry aLr, 955. 

Jet pump, 1041. 

Jet pump effidency, 1043. 

Johnson extensometcr, 103. 

Jonval turbine, 1059. 

Junker gas calorimeter, 493. 

Keherson^, autographic extensometer, 

I TO. 

Kenerson d3mamometer, 310. 

Kerr turbine, 816. 

Latent heat of vaporization, definition 
of, 334^ 

Laws of friction, 242. 

Laws of vafxirs, 333. 
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Leak^e teat for boilers, 713- 
Leakage test for pumping engines, 785. 
LeChateJier electric pyrometer, 312. 
I^wis dynamometer, 298- 
Liquid fuels, characteristics of, 860. 
Limits of separating calorimeter, 573. 
Limits of throttling calorimeter, 5O4. 
Liquid pressure pyrometer, 202. 

Lloyd’s specifications for quality and 
testing of ship steel, 145- 
Locomotives, testing of (^c standard 
method of conducting efficiency 
fe^ts of locomotives). 
logarithmic cross section paper, r4- 
Lord’s apparatus for tar and soot deter¬ 
mination, 888. 

Losses in pipe fittings and valves, flow of 
water, 4i3“4i6. 

Losses in steam turbines, 822. 

Lower loop diagram for gas engines, 678, 
080. 

Low pressure water meters, 386- 


Mahcer bomb calorimeter, 473, 

Manograph, 638. 

Manometer, 168. 

Manometers, 

Cistern, 171, 

Diflferential, 174. 

Multiplying, 174. 

U-shai>ed, 169. 

Mathot explosion recorder, 909. 

Manufacturers’ standard specifications 
for structural cast iron, 141. 

Manufacturers’ standard sixjcifications 
for special open hearth plate and 
riv'^et steel, 141. 

Manufacturers’ standard specifications 
for structural steel, 139. 

Marking gauges, tension tests, 119, 

Marshall extensometer, 105. 

Maximum load, 53. 

Mean ordinate by polar planimeter, 29. 

Mean specific he.at for gases, 469. 

Measurement of average velocity in 
channels and streams, 397. 

Measurement of compression,in materials, 

lu. 

Measurement of elongation, in materials, 
99 - 

Measurement of gas by calorimetry, 443, 

Measurement of gas by determining 
average velocity, 439, 

Measurement of gas by ritot tube, 441. 

Measurement of gas by Venturi meter, 442. 

Measurement of gas by volume displace¬ 
ment, 430. 

Measurement of gases, classification of 
methods, 4 iB. 


Measurement of gases by means of orifices, 
theoretical velocity attained, and 
weight discharged, 419. 

Measurement of liquids by means of 
noazles, 368. 

Measurement of liquids, gases, and vapors, 
356. 

Measurement of pressure, 168. 

Measurement of speed, 327. 

Measurement of strain, 99- 

Measurement of torsion and defiection, 

iti. 

Measurement of vapors, classification of 
methods, 445. 

Measurement of vapors by determining 
average velocity, 453. 

Measurement of vafxirs by means of 
orifices, 446. 

Measurement of vapors by weighing, 445. 

Measurement of water by means of ori¬ 
fices, 361. 

Measurement of water by weighing, 357- 

Mechanical ecjuivalent of heat, 325. 

Mechanical refrigeration, theory of, 992. 

Mercury and alcohol thermometers, 202. 

Mercury columns, 172. 

Mercury column, corrections for, 173. 

Mercury thermometers, calibration of, 
220, 

Mercury thermometers, rules for care of, 
204. 

Mesur^ & Noue! pyrometric telcscoi>e, 
217. 

Metallic pyrometer, 205. 

Meter prover, 4^2. 

Methods of testing materials, 115. 

Methods of testing cement, 158- 

Micrometer, 43. 

Micrometer caliper, 44. 

Micrometer screws, accuracy of, 43. 

Minor tests for materials, 134. 

Mixed flow turbine, 1059- 

Modulus of elasticity, dainilion of, 52. 

Modulus of rigidity, 61. ' 

Modulus of resilience, definition of, 52, 
61. 

Modulus of rupture in torsion, 62. 

Modulus of rupture in transverse loading, 
59 - 

Modulus of shear elasticity, 61. 

Moist air, characteristics of, 950. 

Moisture in steam, direct determination 
of, 567. 

MolUer diagram, 337. 

Morin’s rotation dynamometer, 293. 

Morin dynamometer, calibration ot, 395. 

Morse thermo gauge, 216. 

Mosscrop speed recorder, 230. 

Motors used as transmission dynamome¬ 
ters, 316. 
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Miilticylbder steam engines, heal analy¬ 
sis, 806. 

Multiplying and differential manometers, 
174 - 

Multistage compression of air, 967. 
Multistage impulse Uirbine, 812. 
Multistage reaction turbine, 815. 

Napier’s fonnula, flow of steam, 453, 
Nash disc meter, 391. 

Natural cement, 164. 

Neutral loading in transverse loading, 58. 
Normal consistency in cement testing, 

Normal stress, definition of, 51. 

Normal tests for cement, 163. 

Noazle measurements for water, 308. 

Observations, doubtful, rejection of, 10. 
Oil testing machines, 

Ashcroft, 267. 

Boult, 268. 

Hess, 272. 

Olsen, 262, 

Rankine, 256, 257. 

Riehl6, 26?. 

Thurston, 258-261. 

Oil tests {see testing of oils). 

Oils, 

Adulteration of, 243. 

Impurities in, 243. 

Olsen cement testing machine, 99. 

Olsen compression micrometer, 112. 
Olaen-Cornell oil testing machine, 262. 
Oben material testing machines, 70, 86, 
91, 99- 

Olsen extensometer, 106. 

Oben new wire extensometer, 107. 

type water meters, 386. 

Optical and radiation pyrometer, 216. 
Optical indicator, 637. 

Onfice measurement for vapors, 446. 
Orifice measurements for water, 361. 
Orifice methods for measuring gas, pre¬ 
cautions necessary in, 429. 

Orifices, calibration of, 365. 

Orifices in thin plates, ajefficients of dis¬ 
charge, for water, 363. 

Orifices for measuring continuous flow, 
366- 

Orifices, submerged, 361. 

Otto cycle, 349, 

Overshot water wheel, 1045. 

Oxygen, preparation of, for fuel calorim¬ 
etry, 473. 

Pantograph reducing motion, 627--630. 
Parallel flow turbine, 1059, 

Farr fuel calorimeter, 490. 

Payne Extensometer, tm. 


Pendulum reducing motion, 621-627. 
Pennsylvania Railroad Company’s speci¬ 
fications for cast-iron car wheels, 
151 - 

Perfect engine, performance of, 730. 
Perfect engine, steam consumption for, 
78 ^- 

Performance, coefficients of, in refrigera¬ 
tion, 1014, 1019. 

Pillow block dynamometer, 297. 

Piston air compressors, 938, 

Piston water meters, 393. 

Pitot tube for clos(*d conduits, 406. 

Pitot tube for measuring gas, 441. 

Pitot tube for open channels, 405. 

Pitot tube, Gregory, 408. 

Pitot tube, modified form of, 409, 

Pitot tube, Taylor, 408. 

Planimeter, 

Amsler, 21. 

Coffin, 31. 

Polar, 21. 

Roller, 35. 

Suspenaed. 31. 

Willis, 34. 

Planimetcr ta.libration, 37. 

Planimeter, theory of instrument, 23. 
Planimetcr, the zero circle, 24. 
Planimelers, directions for care and use 
of, 36. 

Planimeters, errors in different tyi)e.s, 40. 
Planimeters, special, 42. 

Plant efficiency, 730. 

Pneumatic displacement pump, io86. 
Polar planimeter, 21. 

Polar planimeter, forms of, 28. 

Portland cement, 165. 

Positive water meters, 303. 

Power and efficiency ot overshot water 
wheel, 1046. 

Power and efiiciency of radial inward 
flow, jmrallcl flow, and mixed flow 
turbines, 1062. 

Power, definitions of, 275. 

Power, indicated and dynamometric, 581. 
Power, measurement of, 276, 

Power of water turbines, 1057, 1062. 
Power of water wheels, 1046. 

Power output of turbines, 819. 

Power required by centrifugal pumps 
1074. 

Pressure, absolute, 167. 

Pressure and volume changes In gases, 

Pressure and volume changes in vapors, 

Pressure, barometer, 167. 

Pressure below atmosphere, 168. 

Pressure gas producer, 851. 

Pressure gauge, 181, 
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Pressure, gauge or maiiometcr, 167, 
Presfsfure, measurement of, 168, 

Pressure stages in turbines, 812. 

Pressure units, 167* 

Primary stresses, definition of, 63, 
Probability of errors, 5. 

Producer (see gas producer). 

Producer gas analysis (see gas analysis). 
Producer gas, quantity made per pound 
of fuel, 884. 

Producer gas, theory of inanufacture, 847. 
Prony brake, cooling and lubrication, 283. 
Prony brake, design of, 280, 

Prony brakes, 276“28o. 

Propeller fan, 943. 

Properties of steam, tables of, 1092-1098. 
Psychrometer, 952. 

Pulsometer, roSo, 

Pulsometer, efficiency, 1082. 

Pump brake, 288. 

Pumps, Centrifugal, 1068. 

Pump diagram for ps engines, 678. 
Pump efficiency of injector, 834. 

Pump horse power, hot-air engines, 9:53. 
Pump, Humphrey internal combustion, 
1^2. 

Pump, jet, 1041. 

Pump, pneumatic displacement, 1086 
Pump, reciprocating, 1067, 
r*ump, rotary, 1067. 

Pump, turbine, 1068. 

Pumping by compressed air, 1084. 
Pumping engine, testing of (see standard 
metliod of conducting duty trials of 
pumping engines). 

Punching test, 135. 

Pyrometers, 

Bristol, 214. 

Calorimetric, 206. 

Electric, 212. 

Expansion, 205. 

Fery absort)tion, 216. 

Fery radiation, 217. 

Fusion, 205. 

Hqadley, 208. 

Holborn, 216. 

LeChatelier, 212. 

Liquid pressure, 202. 

Mesur 6 & Nouel, 217. 

Metallic, 205. 

Morse, 216. 

Optical, 216. 

Radiation, 216. 

Seger cones, 206. 

Vapor pressure, 201. 

Wanner, 216. 

Wedge wood, 205. 

Quality curves on aimbined steam en¬ 
gine diagram, 666. 


Quality determinations for steam, im- 
portance of, S44* 

Quality of steam, definition of, 543. 
Quality of steam, methods of determining, 
544 - 

Radial inward flow turbine, 1059. 

Radial outward flow reaction turbine, 
1056. 

Radial outward flow reaction turbine, 
power and efficiency of, 1057, 
Radiation loss from stom engines, 805. 
Radiation rate, determination of, for fuel 
calorimeter, 476, 482. 

Rankine cycle, 354, 3SS- 
Rankine’s oil testing machine, djmamk 
apparatus, 257. 

Rankine^s oil testing machine, static 
apparatus. 256. 

Ranson chronograph, 234, 

Rateau turbine, 812. 

Rateau turbine compressor, 946. 

Ratio of expansion, 645, 748. 

Reaction type of steam turbine, 808. 
Reaction water turbine, 1053, 

Reagents for flue gas analy.sis, 517-520. 
Reciprocating pumps, 1067. 

Recording gauges, 185. 

Rectangular weir, theory of, 372. 
Reducing motion for indicators, 621. 
Reducing wheels, 630-632. 

Reduction of area, definition of, 52. 
ReSvaporation, 657. 

Refrigerating agents, 994. 

Ammonia, 994, 

Carbonic acid, 994. 

Ethyl and methyl chloride, 994. 

Pictet fluid, 994. 

Sulphuric ether, 994. 

Sulphurous acid, 994. 

Refrigerating effect, 1028. 

Refrigerating machine, compressor horse 
power, 1033, 

Refrigerating machine, simple type, 993, 
Refrigerating machine, 

Air, 998. 

Ammonia absorption, 999. 

Vacuum process, 1001. 

Vapor compression, 1003. 

Refrigerating machines, classification of, 
997 - 

Refrigerating machines, capacity of, 
1027. 

Refrfeerating machines, rating of, 1027. 
Refrigeration cycle, actual for vapor 
compression machine, 1016, 
Refrigeration, cooling effect, 1028. 
Refrigeration, cooling systems, 1007. 
Refrigexation cycle, ideal, for vapor com¬ 
pression machine, 1012, 
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mechanical, theory of, 
. 99 ®* 

Refrigeration process, actual efficiency of, 
1019. 

Refrigeration, tonnage, 1028. 

Regulation tests for steam engbes, 727, 
Reservoir method of measuring gases, 


44/- 

Resilience, modulus of, 52, 6r. 

Resistance thermometer, 210. 

Riehl^ cement testing machine, 99. 

Rjeh!^ compression micrometer, in. 
Riehl^ material testing machines, 70, 84, 


90, 90. 

Riehl^ oil testing machine, 262, 

Rigidity, modulus of, 61. 

Ringelmann's smoke chart, S4i' 
Risaon-Alcott turbine, 1060. 

Road tests, locomotive, 786 . 

Rod 0oats, 398. 

Roller planimeter, 35. 

Rotar)’^ pumps, 1067. 

Rotary pumps, testing of, 1077. 

Rules for conducting boiler trials, Am. 
Soc. Mech. Eng’rs. Code of 1899, 
692-707. 

Alternate method of starting and stop¬ 
ping, 695. 

Boiler elhciencies, 699. 

Calibration of apparatus, 693. 
Character of coal, 692. 

Duration of test, 694. 

Examination of boiler, 692. 

Flue gas analysis, 698. 

Fuel analysis, 698. 

Heat balance, 700. 

Keeping the records, 696. 

Preparation of boiler and connection, 
693. 

Report, 701. 

Sampling coal, 697* 

Smoke observations, 699. 

Standard method of starting and stop¬ 


ping, 695. 

Starting and stopping test, 694. 
Treatment of asms and refuse, 697. 
Uniformity of conditions, 695. 

Rules for conducting steam engine tests, 
A.S.M.E, Code of 1902, 732. 
Calibration of instniment.s, 734. 

Coal used, 734^ 

Complete engine and boiler test, 738. 
Condition of plant, 732. 

Duration of test, 737. 

Indicated horse power, 742. 

Indicated diagrams, 747‘”7S3* 
Measurement of coal, 741. 
Measurement of feed water, 740. 
Measurement of heat units used, 739. 
Object of test, 732. 


Rules for conductbg steam engine tcstSf 
A.S.M.E. Codie of 1902 
Quality of steam, 745. 

Report of tests, 755-773. 

Standards of economy and efiiciarcy, 753. 
Standard heat test, 737^ 

Starting and stopping, 737. 

Steam used by auxiliaries, 741. 
Uniformity of conditions, 747. 

Salinometer, 1010. 

Samplbg of coal for‘anaIy.sis, 501. 

Sarco carbon dioxide recorder, 529. 
Saturation curve, ammonia compressor 
diagram, 1023. 

Saturation curve for steam, construction 
of, 650. 

Saturation curve on combined steam 
engine diagram, 665. 

Savmg due to cylinder jackets and inter¬ 
cooler in multistage compression, 970. 
Scale of indicator springs, determbation 
608. 

Schaeffer & Budenberg recording gauge, 
186, 

Schaeffer h Budenberg tachometers, 229. 
Scleroscope for testing hardness, 137. 
Secondary stresses, definition of, 63. 

Seger cones, 206. 

Sepamtbg calorimeter, formula for, 572. 
Separating steam calorimeter, 567-572. 
Separating steam calorimeters, method 
of use, 574. 

Series producer, 854. 

Shear, direct, 61. 

Shear, elasticity, modulus of, 61. 

Shear, horizontal and vertical, trans¬ 
verse loading, S9* 

Shear tests, 132. 

Shearing stress, definition of, 5X. 

Shop tests, locomotives, 786. 
Siebert-KUhn apparatus for gas anal3?sis, 

Siemen s water meter, 386. 

Single-stage bipulse turbine, 810. 

Slide rule, 16. 

Slide rule, directions for using, 17. 

Slip in air compression, 963. 

Slip in pumping engines, 775, 

Smoke determinations, 540. 

Soot, determination of b fuel gas, 885. 
Specific gravity of cement, 158. 

Specific heat, definition of, 326, 

Specific heat, instantaneous, definition 
of, 335- 

Specific heat of gases, 862-868. 

Specific heat of gases, table of, 328 
Specific heat of oxygen, nitrogen, hydro¬ 
gen, etc. (see specific heat of gases). 
Specific heat of vapors, 335. 
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Specific heat, mean, definition of, 335. 
Specific weight of gasies, 835. 
Specifications, standard, for materials 
(see under name of society or associa¬ 
tion issuing same). 

Speed indicators, 239. 

Speed variation within a revolution, 235. 
Standard coal, locomotive test, 787. 
Standard method of conducting duty 
trial of pumping engines, 

Code, 777. 

Arrangement and use of instruments 
and other provisions for test, 782. 
Data and results, 784-786. 
jDirectioas for obtaining feed-water 
temperatures, 778, 

Directions for measurement of feed 
water, 778* 

Leakage test of pump, 783. 

Main duty trial, 780, 

Test of feed-water temperatures, 777. 
Standard method of conducting efficiency 
tests of locomotives, A.S.M.E. Code, 
788. 

Preparations for test, 788. 

Road test, 705. 

Shop test, 7Q1. 

Steam accounted for by indicator diar 
gram, 653. 

Steam calorimeters, classification of, 545. 
Steam calorimeter, condensing, 548. 
Steam calorimeter, condensing, water 
equivalent for, 549. 

Steam calorimeters, comparative values 
of, 578. 

Steam chest and steam pipe diagranis, 675. 
Steam consumption of perfect engine, 731. 
Steam, dry saturated, definition of, 543. 
Steam engine, capacity test, 726. 

Steam engine, Carnot efficiency, 729. 
Steam engine, cylinder efficiency, 729. 
Steam engine, economy test, 726. 

Steam engine, efficiency standards, 728. 
Steam engine, heat balance, 731. 

Steam engine indicator, 

Bachelder, 588. 

Crosby, 586. 

Crosby continuous with external spring, 
^ SOI* 

Starr with external spring, 591. 

Tabor with external spring, 390, 
Thompson with external spring, 590. 
Steam engine indicator, apparatus for 
testing various adjustments, 615-620. 
Steam engine indicator, attachment to 
cylinder, 620. 

Steam engine indicator, care of, 636. 
Steam engine indicator, continuous, 593. 
Steam engine indicator diagram, form of 
expansion tine, 647. 
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Steam engine indicator diagram, general 
discussion of events, 642-645. 
Admission line, 643. 

Admission pressure, 644. 

Atmospheric line, 643. 

Back pressure line, 644. 

Boiler pressure line, 643. 

Clearance line, 643. 

Compression line, 644. 

Cut^ pressure, 644* 

Exhaust line, 644. 

Expansion Htie, 644. 

Initial pressure, 644. 

Mean back pressure, 644. 

Mean forward pressure, 644. 

Point of admission, 643. 

Point of cut-off, 643. 

Point of exhaust closure, 644. 

Point of release, 644. 

Ratio of expansion, 645. 

Release pressure, 644. 

Steam line, 643. 

Terminal pressure, 644. 

Vacuum line, 643. 

Wire drawing, 645. 

Steam engine indicator diagram, measure¬ 
ments from, 645. 

Steam engine indicator, early forms of, 

5 ^ 2 . 

Richards, 583. 

Watt & McNaught, 582. 

Steam engine indicator, electric attach¬ 
ments, 635, 

Steam engine indicator, errors in, 594- 


Steam engine indicator, methods of con¬ 
necting up, 632-635. 

Steam engine indicator, piping for, 620. 
Steam engine indicator, uses of, 580. 
Steam engine indicators, small piston, 

592* 

Steam engine indicators, large and small, 


Steam engine indicators with external 
springs, 588. 

Steam engine, radiation loss, 805. 

Steam engine, regulation tests. 727. 

Steam engine, testing of (sec rules for 
conducting engine tests). 

Steam engine testing, calorimetric meth¬ 
ods, 799, 

Steam engine, thermal efficiency, 728. 

Steam engine, thermodynamic efficiency, 
729. 

Steam meter, 

Burnham, 454, 

Eckhardt, 457* 

Float, 460. 

Gehre recording?, 459. 

General Electric Co., 4SS* 
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Steam meter, 
iiallwachs\ 458* 

Orifice, 458. 

tube, 455. 

Sargent, 4(52. 

St. John, 461. 

Steam meters, classification of, 453. 
Steam, properties of, tables, 1092-3098. 
Steam sampling for quality detcmiina- 
tions, 546-548. 

Steam, superheated, definition of, 544* 
Steam tables, 109a-1008. 

Steam table.s, use of, 337. 

Steam turbine, 

Curtis, 812, 

DeLaval, 810. 

Impulse type, 808. 

Kerr, 816. 

Multistage impulse, 812. 

Multistage reaction, 812. 

Pelton type, 816. 

Pressure stage, 812. 

Rateau, 812. 

Reaction type, 808. 

Single stage, 810. 

Sturtevant, 816. 

Velocit> stage, 812. 

Westinghouse, 815. 

Steam turbine lo.sscs, separation and 
estimation, 822. 

Steam turbine, fx)wer input, 819- 
Stearn turbine testing (see testing of 
steam turbines). 

Steam turbine tests, correcting re.sultb 
for standard conditions, 824. 

Steam turbine, types of, 808. 

Steam, wet saturated, definition of, 
543 * 

Steel-yard dynamometer, 296. 

Stirling cycle, 348. 

Strain, measurement of, 99 
Strength of matt‘riah, definitions, 51. 
Stress, definition of, 51. 
Stress-deformation diagrams, 53. 

Stress intensity, definition of, 51. 

Stress, primary, definition of, 63. 

Stress, secondary, definition of, 63. 
Strohmeyer extensometer, 101, 

Sturtevant turbine, 816. 

Submergeti orifices, 361. 

Subsurface or submerged floats, 398. 
Suction gas producer, 851. 

Sulphur determination in fuels, 509. 
Sulphur dioxide, properties of, table, 

ITOS. 

Superheating of vapors, 335. 

Superheating steam calorimeter, 558. 
Surface floats, 398. 

Suspended planimeter, 31. 

Sweet measuring machine, 45. 


Table of BeaumC* hydrometer scale with 
correspondij^ specific gravities, 1091. 

Tables of coefficient of discharge for sub¬ 
merged orifices in thin plates, 363. 

Table of coefiicients of friction, 1090. 

Table of constants for principal gases, 857. 

Table of constants for principal hydro¬ 
carbon gases, 858. 

Table of formulas for beams, 60, 

Table of horse power per pound of mean 
pressure, 1099. 

Table of mean specific heat for gases, 469. 

Table of melting points and specific heats 
of metals, 207. 

Table of properties of ammonia, 1107. 

Table of profierties of CaCb brine, tiio. 

Table of properties of carbon dioxide, 
1108. 

Table of prof>ertie.s of Na( '1 brine, 11 ot) 

Table of properties of sulphur dioxide, 
1108. 

Table of relation between pressure in 
pounds per sfjuarc foot, inches of 
mercur>% etc., 366. 

Table of specific gravity of oils, 247. 

Table of theoretic al water rates for steam 
engines, 1105. 

Tabic showing ammonia absorjition in 
water, 1109. 

Table showing material tests recjuircd, 
138 

I'arhometcr, 

Autographic, 230 
Centrifugal, 229. 

Frahm, 231. 

Schaefer & Budenberg, 229. 

Veeder, 230. 

Tachometers for measurement of water, 
402- 

Tagliabiie cold test apparatus for oils, 
253 *. 

Tangential stress, definition of, 51. 

Tangential water wheel, 1049. 

Tank meters, 383. 

Tar, determination of, in fuel gas, 885, 

Temi>eraturc, definition of, 193. 

Temjierature-entropy diagram for gas, 
685. 

Temperature-entropy diagram for steam, 
341 ' 

Temperature rise during adiabatic air 
compression, 957. 

Temjieratures obtained in combustion, 
468. 

Tensile strength of cements, 163. 

Tension loading, formulas for, 55.^ 

Tension test machines (see testing ma¬ 
chines). 

Tension tests, character of fracture, 123. 

Tension tests, directions for, 118. 
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Tension tests, equivalent elongation, 123. 
Tension tests, form of test piece, 115. 
Tension tests, laying oil gauges, 119. 
Tension tests, report on, 124. 

Tension tests, wedge adjustments, 120. 
I’e^t pieces for compression testing, 125. 
Test pieces for special materials, 
Castirou, ir?. 

Chains, iiB. 

Hemp rof)e, 118. 

Wire rope, xi8. 

Wood, 117- 

Test piecei for tension testing^ form of, 
1T5. 

Test pieces for torsion testing, 129. 

Test pieces for transverse testing, 126. 
Test specimens for cement testing, 161. 
Tests and specifications, special, 138. 
Tests for building stone and brick, 152. 
Tests of cements and mortars, 156 
Tests of paving materials, stones, ballast, 
natural and artificial, 155. 

Testing machine accessories, 99. 

Testing machines, 67. 

Testing machines, cement, 
i^airbanks, 96. 

Olsen, 99. 

Riehld, 99. 

Testing machines, tension, compression 
and transverse, compound lever 
macliines, 70. 

Differential lever machines, 69. 
Direct-acting hydraulic, 71. 

Emery, 72, 78-82. 

Fairbanks, 70 
Frame of, 75. 

General types of, 68. 

Hydraulic press, 67. 

Kellogg'.] ohnson ,71. 

Maillard, 72. 

Olsen, 70, 86, 

Power system of, 76 
Riehl6, 70, 84. 

Riehl6 hydraulic, 70. 

Shackles and clam[is, 68, 76. 

Simple lever machines, 69. 

Thornasset, 69 
Thurston, Polmcyer. 67. 

Weighing system of, 74. 

Werder, 71. 

Wickstead, Martins, Buckton, 69. 
Testing machines, torsion, 

Olsen power torsion, 91. 

Riehl6 power torsion, 90, 

Thurston, 86. 

Testing of belts, 

Coefftcient of friction, 323. 

Efiidency of transmission, 323. 

Initial tension, 321. 

Methods and computations, 320, 


Testing of boilers (sec rules for conducting 
boiler trials). 

Testing of boilers, notes on rules, 710- 
724. 

Ash determination, 718. 

Boiler elhciendes, 

Boiler leakage, 712, 

Factor of cvajxirntian, 722-724. 
Graphical log, 715. 

Heat balance, 721. 

Testing of cements, 

Constancy of volume, 163. 

Fineness, 159. 

Normal consistency, 159. 

Spedfic gravity, 158. 

Strength, 163. 

Time of setting, 160. 

Te.sting of centrifugal fans, 986. 
Determination of humidity, 95T- 
Me;isurement of velocity and pressure, 
987- 

Power input, 986. 

Power output, 987. 

Scope of test and report, 988-991. 
Volume of gas delivered, 987. 

Testing of centrifugal pumps, 1077. 

Head pumped against, 1078. 

Length of run, 1078. 

Power input, 1077. 

Power output, 1078. 

Quantity of water pumped, 1077. 

Scope of tests and report, 1079. 

Testing of gas engines, 905 
Apparatus required, 907. 

Calibration of instruments, 906. 
Determination of principal dimensions, 
906. 

Duration of tests, 906. 

Exanimation of engine, Q05. 
Observations and (alculations, 907- 

913- 

Report, 913-919 
Starting and stopping, 906. 

Testing of gas producers, 891, 

Conducting trial, 893. 

Data and results, 895* 899. 

Duration of trial, 892. 

Object of test, 891. 

Observations and calculations required, 
^^ 93 - 

Starting and stopping, 892. 

Testing of hot air engines, 933. 

Analysis of fuel, 934. 

Analysis of waste gases, 934. 
Computations and report, 934. 

Heat balance, 935, 

Indicated horse power, 933. 
Measurement of fuel used, 933. 

Other observations, 934. 

Pump horse power, 933, 
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T«&ting oi hydraulic ram, 1040. 

Testing of injectors, 835. 

Testing of insulation, ion. 

Testing of locomotives (see standard 
method of conducting efficiency tests 
of locomotives). 

Testing of materials, methods of, 115. 
Testing of oils, 

Acid, 245 ‘ 

Adulteration, 243. 

Burning point, 256, 

Chill point, 254. 

Density, 246. 

Durability, 267. 

Flash point, 254. 

Friction, 256. 

Gumming and drying, 245. 

Viscosity, 248. 

Volatility, 256. 

Testing of piston air compressor, 

Air horse power, 973. 

Arrangements for, 973. 

Computations for test, 977 
Power input, 973- 
Keport, 977-980. 

Weight of volume of air handled, 973- 
976* 

Testing of pumping engines (see standard 
method of conducting duty trials of 
pumping engines). 

Testing of rotary pumps, 1077. 

Testing of steam boilers (see rules for 
conducting boiler trials). 

Testing of steam engines (see rules for 
conducting steam engine tests). 
Testing of steam pumps (see standard 
method of conducting duty trials of 
pumping engines). 

Testing of steam turbines, 

ClausiUvS efficiency, 8ai. 

Computations, 819. 

Cylinder efficiency, 821. 

Electrical horse power, 819. 

Internal horse power, 819. 

Potential efficiency, 821. 

Thermal efficiency, 820. 

Testing of vapor compression refrigerating 
machines, 1028. 

Compressor and prime mover, 1029. 
Computation of results, 1033, 
Condenser, 1030. 

Cooler, 1030. 

Heat balance, 1033. 

Report, 1031,1032, 1034, 1033. 

Testing of water motors, 1062. 

Length of run, 1065. 

Power developed, 1064. 

Report and computations, 1065. 

Sp««d and gate opening, 1065- 
Supply head, 1063. 


Testing of water motors (conitHUtd), 

Volume or weight of water supplied, 
1063. 

Thalpotasimeter, 201. 

Thatcher rule, i8. 

Theoretical head produced by fan, 981. 

Theoretical velocity of steam from the 
heat chart, 447. 

Theoretical velocity of steam in orifices, 
446. 

Thermocouple pyrometers, 212. 

Thermometers, 193. 

Thermometer, 

Air, 199. 

Alcohol, 202. 

Electric resistance, 2to. 

Employing iiauids, 201. 

Employing solids, 205. 

Gas, 196. 

Mercury, 202, 

Thermometer calibration, 219. 

Thcrmometric materials, 193. 

Thermometric scales, 195. 

Thermometric standards, 195. 

Primary, 196. 

Secondary, 196. 

Thomas electric superheating calorim¬ 
eter, 566. 

Throttling calorimeter, 500-563. 

Throttling calorimeter computations, 
graphical solution, 563. 

Throttling calorimeter from pipe fittings, 

565. 

Throttling calorimeter, theory of, 562. 

Thurston oil testing machine, directions 
for use, 264, 266. 

Thurston oil testing machine, theory of, 
261. 

Thurston railroad lubricant tester, 259. 

Thurston standard oil testing machine, 
258. 

Tieftrunk api>aratus for tar determina¬ 
tion, 886. 

Time for emptying tanks, 359. 

Time of setting for cements, 160. 

Tonnage in refrigeration, 1028. 

Torsion dynamometer for solid shafts, 
^12. 

Torsicm dynamometers, 309. 

Torsion loading, formulas for, 61, 

Torsion meters (see torsion dynamom¬ 
eters). 

Torsion test machines (see testing ma¬ 
chines). 

Torsion tests, directions for, with Thurs¬ 
ton autographic machine, ijt, 

Torsbn tests, dirfsctions, with Riehl6 or 
Olsen machine, 129, 

Torsion tests, form of test piece, 1 39, 

Total heat in vapors, definition of, 334. 
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Traction 4yiw»ometers, sgu 
Tmimmiasion dynamometers, general 
types, afgs- 

Transverse losing, elastic curve, 58. 
Transverse loading, formulas for, 57. 
Transverse loading, neutral surface in, 58, 
Transverse tests, directions for, 127. 
Transverse tests, form of ttsst pieces, 126. 
Transverse tests, report on, 127. 
Transverse test machines (see testing 
machines). 

Tr^eaoidal weir, 377. 

Triangular weir, 376, 

Tumlirz equation, 344, 

Turbine compressors, 945^ 

Turbine gas meter, 436. 

Turbine pumps, 1068. 

Turbines, water (see water turbines). 
Two-cycle gas engines, 844. 

Ultimate strength, definition of, 52. 
Undershot wheel, 1048. 

Unit of electrical power, definition of, 276. 
Unit of heat, 325. 

Unit of power, 275. 

Unit of refrigeration, 1028. 

Unit of work, 275. 

Universal or combination steam calorim¬ 
eter, 577. 

Vacuitm gauges, 185. 

Vacuum process of refrigeration, rooi. 
Van Winkle j>ower meter, 305. 

Vapor compression refrigerating cycle, 
actual, 1016. 

Vapor compression refrigerating cycle, 
ided, 1012. 

Vapor compression system of refrigera¬ 
tion, 1003. 

Vapor cycles, 351. 

Vapor, pressure and volume changes in 
Adiabatic (Lsentropic), 344. 

Constant pressure, 343. 

Constant volume, 344. 

Vapor pressure pyrometers, 201. 

Vapor tables, 335. 

Vaporisation, 333., 

Vaj^rLsation, 

External latent heat, 334. 

Internal latent heat, 334. 

Latent heat of, 334. 

Total heat of, 334. 

Veeder tachometer, 2^0. 

Velocity of approach m weirs, 374. 
Velocity of water, measurement in chan¬ 
nels and streams, 397- 
Velocity of water, measurement in pipes 
and conduits, 406. 

Velocity changes in turbines, 812. 
Velocity water metera, 3^7- 


Venturi meter, 369, 392. 

Venturi meter, theory of, 370. 

Venturi meter used for measuring gas, 

443. ^ ^ 

Venturi lube, 369. 

Vernier, the use of, 20. 

Vernier caliper, 42, 

Vertical water wheels, 1045. 

Viscosimeter, 

Gibbs, 249. 

Perkins, 250. 

Stillman, 256. 

Tagliabue, 249. 

Viscc^imeter, other forms of, 252. 
Viscosimeter with exmstant head, 250 
Viscosity of oik, 248 
Volatility tests for oik, 256. 

Volume relations in combustion, 465. 
Volume water meters, 389. 

Wanner pyrometer, 2x6. 

Waste detection meters, 392. 

Water equivalent for bomb calorimeterj 
475 , 478 - 

Water equivalent, condensing calorim¬ 
eter, 

Water meter, calibration of, 396. 

Water meter capacities, 388“392. 

Water meters, classification of, 385. 
Water meters, 

Current, 387. 

CJem inferential, 388, 

Hersey rotary, 390. 

Hersey torrent, 387. 

Hot water, 394. 

Inferential. 387. 

Nash disc, 391. 

Of>en ty|Xi. 386. 

Piston, 393. 

Positive, 393. 

Siemens, 386. 

Velocity, 387. 

Venturi, 392. 

Volume or capacity, 389. 

Waste detection, 392. 

Worthington, 394. 

Water pressure engines, efficiency, 1044. 
Water turbine, 1052* 

Water turbine, 

Center vent, 1059. 

Fourneyron, 1056, 

Francis, 1059. 

Impulse, 1053. 

Jonval, 1059. 

Mixed fiow, 1059, 

Parallel flow, 1059- 
Radial inward flow, ios9* 

Radial outward flow, 1056, 

Reaction, 1053. 

Risdon*Alcott, io6a 
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Water tiirbines, dassification, 1053, 
Water turbines, efl&dency of, 1057, 1062* 
Water turbines, power of, 1057, 1062. 
Water turbines, testing of (see testing of 
water motors). 

Water turbines, theory of action of stream 
upon vane, 1054-1055. 

Water wheel, impulse, 1049. 

Water wheel, tangential, 1049. 

Water wheels, 

Bre^t, 1047. 

Overshot, 1045. 

Undershot, 104S. 

Vertical, 1045. 

Webber dynamometer, 300. 

Wedge scale, too. 

Wedgewood pyrometer, 205. 

Weight of vapor discharged from orifices, 

449. 

Weight relations in combustion, 465- 
Weir measurements, accuracy of, 379. 
Weir measurements, flow of water, 372 
Weirs, contraction in, 373 
Weirs, 

Rectangular, 372. 


W'eiiB (continued) t 
Trapezoidal, 377* 

Triangular, 376. 

Welding test, 134. 

Wcstinghouse brake for steam turbine 
tests, 287. 

Westinghouse-Parsons turbine, 815. 

Wet and dry bxilb thermometer, 952, 

Wet and dry gas meters, relative accuracy, 
437 - 

Wet gas meters, 432. 

Wet saturated vapor, definition of, 334 
Wilcox water weigher, 383. 

Willan's Law, 726. 

Willan’s line, 726. 

Willis planimeter, 34. 

Woltman mill, 403. 

W^ork done by rentrifupl fan, 983. 

Work of compressing air, 954* 

Working loads, definition of, 53. 
Worthington piston meter, 394. 

Yield point, definition of, 53. 

Zero circle, planimeter, 24. 
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